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INTRODUCTION 


Prostate  cancer  death  is  primarily  due  to  metastasis.  Surprisingly,  we  understand  very  little  about  how 
prostate  tumors  become  metastatic.  The  most  frequently  observed  mechanism  for  tumor  cell  exit  from  the 
prostate  is  through  interactions  with  nerve  fibers  and  perineural  migration  out  of  the  organ.  Nerve  fibers  are 
surrounded  by  the  extracellular  matrix  protein,  laminin,  and  thus  it  has  been  proposed  that  for  prostate 
tumor  cells  to  exit  the  gland  and  metastasize  they  must  acquire  the  ability  to  migrate  on  laminin.  Adhesion 
and  migration  on  laminin  is  mediated  by  two  specific  laminin  receptors,  a6p1  and  a3p1.  Interestingly, 
elevated  expression  of  these  two  integrins  is  highly  correlative  with  the  invasive  and  metastatic  phenotype 
of  prostate  cancer.  The  recent  identification  of  a  prostate  tumor  suppressor  gene,  KAI1/CD82,  suggests  a 
molecular  mechanism  by  which  migration  on  laminin  and  exit  from  the  prostate  during  metastasis  might  be 
achieved.  KAI1/CD82  is  known  to  associate  with  the  a6p1  and  a3p1  laminin  receptors.  Therefore,  our 
hypothesis  is  that  loss  of  KAI1/CD82  expression  alters  the  function  of  a3p1  and  a6p1  integrins  in  prostate 
cells  resulting  in  altered  intracellular  signaling,  decreased  tissue  organization,  and  increased  cell  motility 
leading  to  increased  metastatic  potential.  Metastatic  disease  is  also  associated  with  progression  to 
androgen  independence.  One  possibility  is  that  androgen  independence  occurs  through  changes  in  growth 
factor  signaling  that  favor  increased  growth  and  survival.  Studies  in  our  laboratory  indicate  that  growth 
factor  signaling  is  regulated  by  integrins.  Thus  it  is  possible  that  the  changes  in  integrin  function,  due  to 
loss  of  KAI1/CD82,  alters  androgen  responsiveness.  The  loss  of  expression  of  a  gene,  such  as  KAI1/CD82, 
is  hard  to  target  therapeutically  because  it  requires  a  mechanism  for  replacing  the  gene.  However,  if  we 
can  identify  a  downstream  effector  that  is  up-regulated,  then  our  ability  to  address  this  genetic  defect  is 
increased  by  our  ability  to  design  an  inhibitor  to  that  downstream  response.  Therefore,  it  is  important  not 
only  to  identify  genetic  changes,  but  to  also  characterize  the  biological  effects  of  the  genetic  changes. 

BODY 

Our  working  hypothesis  is  that  loss  of  KAI1/CD82  alters  the  expression  and/or  function  of  a3p1  and  a6p1 
integrins  in  prostate  cells  resulting  in  altered  intracellular  signaling,  decreased  tissue  organization,  and 
increased  cell  motility  leading  to  increased  metastatic  potential.  Alterations  in  integrin  signaling  and 
function,  due  to  loss  of  KAI1/CD82,  change  androgen  receptor  (AR)  signaling  and  function.  To  accomplish 
the  tasks  outlined  in  our  Statement  of  Work  we  fist  generated  stable  cell  lines  of  PC3  and  DU145  cells 
which  either  had  an  empty  vector  introduced  or  CD82  cDNA.  CD82  expression  was  detected  by 
immunoblotting  or  immunofluorescence  staining.  During  our  studies  we  found  it  necessary  to  also  generate 
DU145  cells  over  expressing  c-Met  or  over  expressing  c-Met  and  CD82  together.  We  have  also  generated 
Adenoviruses  that  express  an  shRNA  to  CD82  and  a  cDNA  for  AR  so  we  can  study  CD82  in  normal  cells. 

In  addition,  we  have  generated  stable  PC3  cell  lines  expressing  CD9  and  two  CD82/CD9,  and  CD9/CD82 
chimeric  mutants,  as  well  as  several  HA-tagged  EC2  domain  CD82  mutants.  We  have  also  generated  a 
CD9-specific  siRNA.  Finally,  we  are  developing  both  a  transgenic  mouse  model  and  a  conditional  mouse 
deletion  of  CD82  to  test  the  role  of  c-Met  in  CD82-mediated  metastasis  suppression  in  vivo. 

Summary  of  Aim  1 :  The  goal  of  Aim  1  in  our  Statement  of  Work  was  to  examine  the  levels  of  a6p1  and 
a3pi  integrin  expression  in  normal  and  tumorigenic  prostate  cells  and  monitor  the  effect  of  expression  of 
CD82.  The  first  task  was  to  measure  the  levels  of  a6,  a3  and  pi  integrins  by  FACS  in  normal  and  tumor 
cell  lines.  We  compared  the  expression  of  a2,  a3,  a5,  a6,  pi  and  p4  integrins  in  primary  prostate  epithelial 
cells  (PECs)  with  that  of  two  tumor  cell  lines,  PC3  and  DU145.  As  shown  in  Fig  1A,  PC3  cells  had  elevated 
levels  of  a2,  a6,  pi ,  and  p4  compared  to  normal  cells,  while  DU145  cells  had  elevated  levels  of  a5  and  p4 
integrin.  In  collaboration  with  Dr.  Knudsen  we  also  compared  integrin  expression  in  human  normal  and 
prostate  cancer  tissue  sections  by  immunostaining.  Staining  of  prostate  cancer  tissues  indicates  that 
tumors  express  predominantly  a6  and  pi ,  have  reduced  levels  of  a2,  and  have  lost  expression  of  a3  and 
P4  as  previously  reported  (Fig  IB)  (1,2). 
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Fig.  1:  A)  Fold  expression  of  integrins  in  PC3  and  DU145  cells  relative  to  PECs  as  determined  by  FACS.  B)  The  normal  (N) 
prostate  gland  consists  of  a  continuous  basal  epithelial  cell  layer  that  adheres  to  the  basement  membrane,  and  a  suprabasal 
luminal  and  secretory  cell  layer.  Integrins  a2,  a3,  a6,  pi  and  P4  are  expressed  in  basal  epithelial  cells,  while  integrin  a5  is 
expressed  in  endothelial  cells  (A1-F1).  Integrins  a2  and  a3  levels  are  higher  in  basal  than  in  secretory  cells  (A1,  B1)  while  a6 
and  P4  are  only  expressed  in  basal  cells  (D1,  FI).  Expression  of  a.2  and  a6  integrins  is  observed  in  a  large  fraction  of  prostate 
cancer  (PCa)  cases  (A1 ,  D1 ),  however  the  amount  of  a2  is  less  than  in  basal  cells  (A3).  In  our  limited  number  of  cancer  cases 
(n=10),  none  expressed  a3  (B2,  B3)  or  P4  (F2).  pi  integrin  expression  occurs  equally  in  normal  and  prostate  cancers  (E2). 


Our  findings  in  the  tumor  cell  lines  differ  considerably  from  those  of  the  primary  tumors  in  the  tissue 
sections.  There  are  several  possible  explanations.  First,  the  tumor  cell  lines  are  well  established  lines  that 
have  been  cultured  for  many  years.  Adaptation  to  growth  in  culture  may  force  changes  in  expression  that 
would  not  be  observed  in  vivo.  Second,  PC3  and  DU  145  cells  are  derived  from  metastatic  disease  while 
the  tissues  we  examined  were  primary  tumors.  Progression  to  metastasis  may  be  accompanied  by 
changes  in  integrin  expression.  However,  if  this  is  the  case,  the  changes  are  not  consistent. 

The  limitations  of  these  studies  are  that  we  only  looked  at  two  tumor  cell  lines  and  we  have  not 
investigated  integrin  expression  in  metastatic  tissues.  However,  these  data  do  indicate  that  there  are 
considerable  differences  in  integrin  expression  levels  in  normal,  primary,  and  metastatic  tumors.  It  is 
interesting  to  note  that  the  metastatic  cells,  while  varying  widely  in  their  relative  levels  of  expression, 
express  the  same  wide  repertoire  of  integrins  as  basal  cells,  while  the  primary  tumors  have  a  very  restricted 
integrin  profile,  predominately  a6  and  pi  integrins.  These  studies  do  point  out  the  possible  validity  of  a 
recently  proposed  model  that  suggests  that  the  cells  in  metastatic  tumors  may  be  derived  from  a  more 
primitive  or  basal  cell  population  compared  to  the  cells  in  primary  tumors  (3,4).  More  thorough  studies  on 
integrin  expression  in  metastatic  prostate  tissues  are  warranted  to  resolve  these  issues. 

Loss  of  KAI1/CD82  expression  could  affect  integrin  expression.  Therefore,  our  second  task  was  to 
determine  if  re-expression  of  KAI1/CD82  in  metastatic  tumor  cell  lines  affects  the  levels  of  integrin 
expression.  Several  clonal  PC3  cell  lines  expressing  CD82  were  isolated  and  the  levels  of  CD82 
expression  were  measured  by  immunoblotting,  FACS,  and  immunofluorescence  staining  (Fig  2). 


Fig  2:  A)  Several  PC3  cell  clones  stably  transfected  with 
CD82  cDNA  were  analyzed  by  immunoblotting  for  CD82 
expression.  CD82  levels  were  compared  to  5V  cells  which 
were  transfected  with  vector  alone  and  PECs;  primary 
prostate  epithelial  cells  expressing  endogenous  levels  of 
CD82.  B)  Surface  expression  of  CD82  was  monitored  by 
FACS.  Data  from  one  clone  is  presented.  C)  CD82 
distribution  (green)  was  monitored  by  immunofluorescence 
staining  of  vector  and  CD82  expressing  cells.  Cell  nuclei 
were  counterstained  with  DAPI  (blue). 
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We  used  cell  adhesion  to  laminin,  surface  labeling  of  a6  integrin,  and  FACS  analysis  to  monitor  the 
effects  of  CD82  expression  on  integrins.  The  ability  of  cells  to  adhere  to  increasing  concentrations  of 
laminin  was  not 
altered  by  CD82 
expression  (Fig 
3A).  The  amount 
of  a6p1  and  a6p4 
integrin  on  the  cell 
surface  was  not 
altered  by  CD82 
expression  (Fig 
3B,C).  CD82 
expression  also 
had  a  negligible 
effect  on  a2,  a3, 
a5,  a6,  pi,  and  p4 
integrin  surface 
expression  as 
determined  by 
FACS  (not  shown). 

Our  third  task  was  to  determine  if  loss  of  CD82  expression  in  normal  cells  alters  the  levels  of  a6p1  or 
a3p1  integrins.  We  generated  an  siRNA  to  specifically  inhibit  expression  of  CD82  in  human  cells.  Transient 

transfection  of  CD82  siRNA  into  human 
primary  prostate  epithelial  cells  (PECs) 
for  72  hours  was  sufficient  to  inhibit 
CD82  expression  by  over  90%  (Fig  4). 
The  levels  of  CD82  do  not  change 
when  cells  are  in  suspension  versus 
when  plated  on  laminin.  We  also  noted 
that  adhesion  of  PECs  to  laminin  was 
unaffected  by  loss  of  CD82  expression, 
suggesting  that  the  levels  of  laminin 
integrins  are  not  significantly  altered  in 
PECs  lacking  CD82. 

To  date  our  data  indicate  that  CD82  does  not  appear  to  function  in  the  regulation  of  the  cell  surface 
expression  of  laminin  integrins  per  se.  This  is  in  agreement  with  previous  studies  on  other  tetraspanin 
molecules  known  to  associate  with  integrins  (5,6).  Tetraspanins  appear  to  regulate  integrin  function,  but  not 
expression.  However,  a  recent  paper  indicates  that  CD82  may  regulate  surface  expression  of  a6  integrin  in 
some  cells  (7).  Additionally,  CD82  does  not  appear  to  affect  the  adhesive  functions  of  integrins.  CD82 
expression  in  our  tumor  cell  lines  did  not  alter  the  ability  of  the  cells  to  adhere  to  any  matrices.  This  is  also 
in  agreement  with  previous  studies  on  tetraspanins  (5,6).  Together  these  data  indicate  that  any  alterations 
in  integrin  function  due  to  CD82  expression  are  not  due  to  changes  in  integrin  expression  or  affinity  for 
ligand  and  are  most  likely  due  to  downstream  signaling  events  initiated  by  integrins.  Our  findings,  as 
outlined  in  the  Summary  of  Aim  2  below,  strongly  support  this  observation. 

Summary  of  Aim  2:  The  goal  of  Aim  2  was  to  determine  how  expression  of  CD82  affects  the  function  of  a6p1 
and  a3pi  integrins  in  normal  and  tumorigenic  prostate  cells.  A  significant  portion  of  the  findings  in  this  section 
have  been  published  (8).  A  copy  of  the  reprint  is  attached.  Our  first  task  was  to  determine  what  the  effect  of 
changing  CD82  expression  has  on  cell  migration.  DU145  or  PC3  cells  stably  transfected  with  vector  or  CD82 
cDNA  were  tested  for  their  ability  to  migrate  towards  three  different  matrices,  collagen,  laminin,  or  fibronectin. 
Both  cell  lines  were  able  to  adhere  to  all  three  matrices  equally  well  at  the  concentration  of  matrix  used, 
however,  they  clearly  displayed  differences  in  their  ability  to  migrate.  PC3  cells  preferred  to  migrate  on 
collagen  or  laminin,  while  DU145  cells  preferred  fibronectin  (Fig  5).  This  directly  correlated  with  the  levels  of 
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Fig  4:  PECs  were  transfected  with  either 
scrambled  (Scr)  or  CD82-specific  (CD82) 
siRNA.  Seventy-two  hours  later,  cells  were 
placed  in  suspension  (S)  or  plated  on  laminin 
(LN)  for  2  hours.  The  levels  of  c-Met  tyrosine 
phosphorylation  were  monitored  in 
immunoprecipitates  (c-Met  IP)  by 
immunoblotting  (P-Tyr  Blot).  Blots  were 
stripped  and  reprobed  for  total  levels  of  c-Met 
(c-Met  Blot).  Cell  lysates  were  analyzed  by 
immunoblotting  for  total  levels  of  CD82 
(CD82  Blot) 


Fig  3:  A)  PC3  cells  expressing  CD82  (clone  6,11, 
or  14)  or  vector  were  plated  in  triplicate  on  the 
increasing  concentrations  of  laminin  for  45 
minutes.  Non-adherent  cells  were  washed  away 
and  stained.  The  number  of  adherent  cells  were 
counted  in  two  random  fields  per  well,  averaged, 
and  the  standard  deviation  calculated.  B)  PC3 
cells  expressing  CD82  (cl29)  or  vector  (5V) 
growing  in  culture  were  labeled  with  biotin  at  4°C. 
Integrin  a6  was  immunoprecipitated  and  the  levels 
of  biotin  labeling  were  monitored  by  blotting  with 
anti-avidin.  Total  levels  of  protein  in  the  extracts 
were  equal  as  indicated  by  immunoblotting  for 
tubulin  (tubuiln).  Both  pi  and  p4  integrins  were 
detected  in  the  a6  immunoprecipitates.  C)  FACS 
analysis  of  cell  surface  expression  of  a6  and  pi 
integrins  in  vector  and  three  CD82  expressing 
PC3  clones. 
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integrin  expression  seen  by  FACS  and  the  respective  ligands  (see  Fig  1).  PC3  cells  used  their  high  levels  of 
a2  and  a6  integrins  to  migrate  on  collagen  and  laminin  respectively,  while  DU145  used  a5  integrins  to  migrate 
on  fibronectin.  Interestingly,  CD82  suppressed  migration  of  PC3  cells  on  both  collagen  and  laminin,  but  failed 
to  suppress  migration  of  DU145  on  fibronectin. 


Collagen  Laminin  Fibronectin  Laminin  Fibronectin  Collagen 


Fig  5:  PC3  or  DU145  cells  were 
stably  transfected  with  vector  or 
CD82  cDNA.  The  ability  of  normal 
cells  (PEC31 )  or  the  tumor  cells  to 
migrate  towards  collagen, 
fibronectin,  or  laminin  in  an  8pm 
Boyden  chamber  assay  in  the 
absence  of  growth  factors  or  serum 
was  monitored.  Cells  passing 
through  the  pores  were  stained 
with  crystal  violet  and 
photoaraphed. 


These  data  support  our  initial  hypothesis  that  CD82  regulates  the  function  of  laminin  integrins. 
Combined  with  our  results  on  integrin  expression,  these  data  further  indicate  that  CD82  can  have  some  effect 
on  the  collagen  integrin,  if  it  is  sufficiently  over-expressed.  Our  findings  also  indicate  that  CD82  has  no  effect 
on  the  expression  of  integrins  or  their  ability  to  mediate  adhesion,  but  rather  functions  to  limit  downstream 
effects  of  integrins. 

Our  second  task  was  to  determine  how  expression  of  CD82  effects  integrin-mediated  matrigel 
invasion.  We  have  used  the  ability  of  cells  to  invade  through  matrigel  and  extrude  through  8pm  pored 
membranes  coated  with  extracellular  matrix  as  an  in  vitro  measurement  of  invasiveness.  PC3  and  DU  145 
cells  stably  transfected  with  a  vector  or  CD82  were  tested  for  their  invasive  ability.  PC3  cells,  but  not 
normal  PECs  were  able  to  invade  through  matrigel  towards  laminin  (Fig  6).  All  clones  expressing  CD82 
demonstrated  a  dramatic  reduction  in  invasive  ability. 


Fig  6  :  PC3  cell  clones  (CL#)  stably  transfected  with  vector  or 
CD82,  parental  cells  (PC3),  or  primary  cells  (PEC)  were  tested 
for  their  ability  to  invade  through  matrigel  in  an  8pm  Boyden 
chamber  to  a  laminin-coated  (LM)  membrane.  Cells  passing 
through  the  pores  were  stained  with  crystal  violet  and 
photographed. 


+  CD82 


When  we  tested  the  ability  of  CD82-expressing  DU145  cells  to  invade  matrigel,  we  found  that  invasion 
of  normal  DU145  cells  through  matrigel  required  the  presence  of  the  growth  factor  HGF  (Fig  7B).  HGF  was 
not  required  for,  nor  did  it  enhance  PC3  invasion  (Fig  7A).  The  receptor  for  HGF  is  the  receptor  tyrosine 
kinase  c-Met.  We  found  that  PC3  cells  express  significantly  higher  levels  of  c-Met  than  DU145  cells  (see  Fig 
10B).  We  generated  DU  145  cells  over  expressing  c-Met  and  these  cells  were  now  able  to  invade  matrigel  in 
the  absence  of  HGF  (Fig  7B)  indicating  that  high  levels  of  c-Met  can  overcome  the  need  for  ligand  with  respect 
to  cell  invasion  of  matrigel.  Interestingly,  expression  of  CD82  blocked  invasion  of  DU145  cells  mediated  by 
eitherHGF  or  over  expressed  c-Met.  However,  at  sufficiently  high  enough  levels  of  HGF,  the  ability  of  CD82  to 
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Fig  7:  A)  PC3  clones  (ell  1 ,  cl29)  stably  transfected 
with  CD82  or  vector  (5V)  were  tested  for  their  ability  to 
invade  matrigel  through  8pm  Boyden  chambers  to  a 
laminin  coated  membrane  in  the  absence  (HGF  -)  or 
presence  of  25ng/ml  HGF.  B)  Parental  DU145  cells 
(DU145)  or  DU145  cells  over  expressing  c-Met 
(DU+met),  CD82  (DUcl8),  or  both  c-Met  and  CD82 
(DUcl8+met)  were  allowed  to  invade  matrigel  in  the 
absence  (HGF  -)  or  presence  of  25ng/ml  or  1 0Ong/ml 
HGF. 
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suppress  invasion  was  abrogated.  Thus  CD82  negatively  regulates  both  integrin  and  ligand-mediated 
invasion,  and  acts  to  limit  c-Met  activation  rather  than  to  completely  suppress  it.  Therefore,  we  conclude  that 
that  function  of  CD82  is  to  control  or  limit  the  extent  of  c-Met  activation.  This  conclusion  is  further  supported  by 
the  data  in  Fig  4,  where  endogenous  CD82  in  normal  prostate  cells  does  not  completely  block  c-Met 
activation,  but  its  loss  enhances  c-Met  activation. 

Our  third  task  in  this  aim  was  to  characterize  the  role  of  CD82  in  regulating  the  signaling  events 
involved  in  migration  and  invasion.  Using  our  PC3  clones  expressing  CD82  or  vector  transfected  cells  we 
monitored  integrin-mediated  activation  of  several  different  signaling  pathways,  focusing  on  those  pathways 
thought  to  be  involved  in  migration  and  invasion. 

Previous  studies  had  indicated  that  expression  of  CD82  in  a  human  mammary  cell  line  suppressed 
EGF-mediated  activation  of  its  receptor,  EGFR  (9).  This  was  shown  to  be  due  to  increased  turnover  of 
EGFR.  Our  laboratory  has  previously  shown  that  integrins  are  capable  of  activating  EGFR  via  a  ligand- 
independent  mechanism  (10)  and  other  laboratories  have  shown  that  other  receptor  tyrosine  kinases,  such 
as  c-Met,  PDGFR,  and  Ron  can  also  be  activated  by  integrins  (11-13).  c-Met,  the  receptor  for  HGF,  has 
been  implicated  in  promoting  metastasis  in  many  different  types  of  tumors  (14-16),  including  prostate 
cancer  (17-23).  The  role  of  EGFR/ErbB2  in  prostate  cancer,  unlike  breast  cancer,  remains  controversial 
(24-27).  However,  the  role  of  c-Met  in  metastatic  prostate  cancer  is  more  strongly  supported  (17-23).  Thus, 
we  investigated  whether  integrin  signaling  to  c-Met  was  regulated  by  CD82.  Adhesion  of  PC3  cells  to  three 
different  matrices,  laminin,  collagen,  or  fibronectin,  induced  tyrosine  phosphorylation  of  c-Met  (Fig  8A,B)- 
Expression  of  CD82  suppressed  integrin-induced  c-Met  phosphorylation.  This  was  observed  in  6  different 
clones  expressing  CD82,  but  not  in  the  vector-transfected  cells.  In  PC3  cells  EGFR  was  not  significantly 
induced  by  integrins  and  its  activity  was  unaffected  by  CD82  (Fig  8C).  Treatment  of  PC3  cells  with 
increasing  concentrations  of  HGF  stimulates  c-Met  activation.  Expression  of  CD82  reduces  the  extent  of  c- 
Met  activation  by  HGF  (Fig  8D).  Thus  CD82  affects  both  matrix  and  ligand-mediated  activation  of  c-Met. 

To  further  explore  this  idea,  we  inhibited  CD82  expression  in  primary  prostate  epithelial  cells  using  siRNA 
and  found  that  loss  of  CD82  resulted  in  a  two  fold  increase  in  matrix-induced  activation  of  c-Met  (see  Fig  4). 
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Fig.  8  :  PC3  cell  clones  stably  transfected 
with  vector  or  CD82  were  placed  in 
suspension  (S)  or  plated  on  collagen  (CL), 
laminin  (LM),  or  fibronectin  (FN).  One  hour 
later  the  level  of  A,B)  c-Met  or  C)  EGFR 
tyrosine  phosphorylation  was  measured  by 
immunoblotting  of  immunoprecipitates  with 
anti-phosphotyrosine  antibodies.  D)  PC3 
cells  plus  or  minus  CD82  were  treated  with 
increasing  concentrations  of  HGF  and  the 
levels  of  c-Met  activation  measured  as 
above. 


Signaling  through  Src  has  been  proposed  to  be  involved  in  regulating  cell  migration  and  invasion,  and  both 
integrins  and  c-Met  are  effective  at  activating  Src  (28-37).  Therefore,  we  investigated  whether  expression 
of  CD82  affects  signaling  to  Src  kinases.  Adhesion  of  PC3  cells  to  matrices  induced  tyrosine 
phosphorylation  of  Src  on  the  activation  loop  Y418  site,  indicating  that  Src  is  activated  (Fig  9).  To  further 
support  these  findings,  we  monitored  the  phosphorylation  of  Src  substrates  implicated  in  regulating  cell 
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migration  and  invasion,  namely  FAK  and  p130Cas.  Expression  of  CD82  inhibited  tyrosine  phosphorylation 
of  p130Cas  and  reduced  phosphorylation  of  FAK  at  Y861 ,  a  Src-specific  site,  but  not  at  Y397  (Fig  9B,C,D). 
These  results  were  observed  with  4  different  CD82-expressing  clones.  Thus  CD82  expression  affects 
integrin-mediated  signaling  to  c-Met  and  to  Src  and  its  downstream  substrates. 

Given  that  CD82  can  regulate  the  activity  of  Src  and  c-Met  and  various  publications  have  suggested 
that  c-Met  can  regulate  Src  and  Src  can  regulate  c-Met,  we  sought  to  determine  if  there  was  a  relationship 
between  c-Met  and  Src  and  their  inhibition  by  CD82  (13,38).  Inhibition  of  Src  activity  by  the  Src-specific 
inhibitor  SU6656  (39),  had  no  effect  on  integrin-mediated  c-Met  activation  (not  shown);  however,  it  did  block 
the  ability  of  PC3  cells  to  invade  matrigel  (Fig  10A).  To  inhibit  c-Met  we  designed  an  siRNA  sequence  to 
specifically  block  c-Met  expression.  Transfection  of  the  c-Met  siRNA  failed  to  block  integrin-induced 
activation  of  Src  (not  shown).  However,  c-Met  shRNA  expressing  adenoviruses  obtained  from  Dr.  George 
Vande  Woude  (40)  blocked  invasion  (Fig  10B,C).  Thus,  loss  of  CD82  expression  in  primary  tumors 
enhances  signaling  independently  through  c-Met  and  Src,  both  of  which  are  required  for  invasion. 


A.  +  DMSO  +SU6656 

Fig  10:  A)  Parental,  vector,  or  CD82  stably 
transfected  PC3  cells  were  left  untreated  (DMSO)  or 
treated  with  SU6656  and  their  ability  to  invade 
matrigel  and  migrate  through  8pm  pores  was 
monitored.  Cells  passing  through  were  stained  with 
crystal  violet  and  photographed.  B)  PC3,  DU145  or 
PECs  were  infected  with  control  Adenovirus  (Adi)  or 
c-Met  shRNA  Adenovirus  (Ad9).  The  levels  of  c-Met 
expression  were  measured  by  immunoblotting.  C)  c- 
Met  shRNA  Adenovirus-infected  PC3  cells  were  tested 
for  their  ability  to  invade  matrigel  as  outlined  in  A). 


The  next  question  we  wished  to  address  is  how  CD82  suppress  c-Met  activation.  Despite  several 
attempts  with  different  antibodies  and  lysis 


Figure  11:  PC3  cells 
expressing  CD82  were 
plated  on  laminin  for  2 
hours  and  stained  with 
anti-c-Met  (red)  and  anti- 
CD82  (green)  antibodies. 
No  overlap  in  staining 
was  observed. 
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conditions  we  have  been  unable  to  detect  an 
interaction  between  CD82  and  c-Met  either  by 
coimmunoprecipitation  or  immunostaining  (Fig 
11).  Thus  either  the  interaction  is  very  transient 
or  there  really  isn’t  an  interaction.  Therefore  we 
are  proposing  the  CD82  regulates  c-Met 
indirectly  and  have  designed  several  approaches 
to  investigate  this. 

Expression  of  CD82  in  a  human  breast  cancer  cell  line  was  shown  to  increase  the  turn  over  of 
EGFR  (9).  It  is  possible  that  CD82  also  regulates  the  turn  over  of  c-Met.  Therefore,  we  monitored  the 
surface  expression  of  c-Met  in  vector  and  CD82  expressing  PC3  cells  by  FACS  and  by  biotin-labeling. 
Under  neither  of  these  conditions  did  we  see  any  change  in  the  surface  expression  of  c-Met  when  CD82 
was  over  expressed  (Fig  12).  Even  though  c-Met  activation  decreased  4-6  hours  after  stimulation  with 
matrix,  there  was  no  difference  in  the  peak  or  when  the  loss  occurred  in  CD82  expressing  cells.  We  also 
failed  to  detect  any  significant  labeling  with  ubiquitin  (not  shown).  Thus  CD82  does  not  alter  the  kinetics  or 
turnover  of  c-Met  after  plating  on  matrix. 
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Fig  12:  Control  PC3  cells  (Vector,  V)  or  CD82  expressing  PC3 
cells  (CD82,  CD)  were  placed  in  suspension  (S)  or  plated  on 
laminin  for  A)  1,2,  4,  or  6  hours  or  B)  for  4  hours.  Cells  were 
then  labeled  with  biotin  and  c-Met  was  immunoprecipitated  (c- 
Met  IP).  The  levels  of  biotin  labeling  were  monitored  by 
immunoblotting  with  strepavidin  (Avidin  Blot).  Blots  were 
stripped  and  reprobed  for  total  levels  of  c-  Met  (c-Met  Blot). 


9 


CD82  is  a  member  of  the  tetraspanin  family.  Tetraspanins  are  thought  to  act  as  “molecular 
facilitators”  at  the  cell  surface  by  organizing  protein-protein  complexes  (41).  Therefore,  we  sought  to 
determine  if  CD82  might  have  an  effect  of  the  cell  surface  distribution  of  c-Met.  Aggregation  and  cross 
phosphorylation  of  c-Met  at  the  cell  surface  is  required  for  its  activation.  Expression  of  CD82  in  PC3  cells 
(Fig  13A)  disrupts  the  c-Met  aggregates  found  on  the  surface  in  the  control  cells.  In  DU145  cells  CD82 
suppresses  the  accumulation  of  c-Met  aggregates  in  lamellipodia  and  c-Met  is  again  diffusely  distributed 
over  the  cell  surface  in  small  membrane  protusions  that  look  like  blebs  (Fig  13B).  Thus  CD82  alters  the 
distribution  of  c-Met  on  the  cell  surface  resulting  in  reduced  aggregates  of  c-Met,  and  thereby  limiting  its 
ability  to  be  activated. 


A. 
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Fig  13:  A)  Vector-transfected  PC3  cells  (PC3)  and  CD82- 
expressing  cells  (CD82  cl#29)  were  plated  on  laminin  for  2  hours 
and  cells  were  fixed  and  immunostained  with  anti-c-Met  antibodies 
and  visualized  by  confocal  microscopy.  B)  DU  145  cells  were  stably 
transfected  with  GFP-cMet  (DU145+GFP-Met)  with  or  without  CD82 
(DU145+CD82+GFP-Met).  Cells  were  visualized  by  time  lapse 
microscopy. 


We  are  using  co-immunoprecipitation  and  mutagenesis  approaches  to  identify  which  CD82- 
interacting  molecules  regulate  c-Met  activation.  In  the  mutagenesis  studies  we  are  determining  which 
domain  on  CD82  is  responsible  for  suppressing  c-Met  activity.  Our  first  approach  was  to  use  chimeric 
molecules  of  CD82  in  which  specific  domains  of  CD82  are  swapped  with  those  of  other  tetraspanins.  This 
approach  has  been  used  successfully  in  the  past  to  identify  functional  tetraspanin  domains  (42,43).  We 
chose  to  use  chimeras  between  CD82  and  CD9  because  these  chimeras  already  existed  in  the  literature, 
and  CD82  and  CD9  are  more  distantly  related  to  each  other  than  the  other  commonly  studied  tetraspanins. 
Thus  they  would  likely  have  distinct  functions  in  the  cell.  We  successfully  generated  stable  cell  lines  in  PC3 
cells  expressing  full  length  CD9,  and  two  different  chimeras  of  CD82  and  CD9  where  the  C-terminal  and  N- 
terminal  halves  of  the  molecules  were  interchanged.  A  preliminary  screen  using  4  different  isolates 
expressing  these  CD9  molecules  indicated  that  while  CD9  itself  was  unable  to  suppress  c-Met  activation  by 
integrins,  either  chimera  still  suppressed  c-Met  activation  (Fig  14). 
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Fig  14:  Stable  PC3  clones  expressing  vector  (Vec),  CD9,  CD9/82  or  a 
CD82/9  chimera  were  placed  in  suspension  or  plated  on  collagen  (C)  and 
the  level  of  c-Met  activation  was  monitored  by  immunoblotting  of  c-Met 
immunoprecipitates  (Met  IP)  with  anti-phosphotyrosine  antibodies  (P-Tyr 
Blot).  Total  levels  of  c-Met  in  the  IP  were  monitored  by  immunoblotting  with 
anti-c-Met  antibody  (cMet  Blot).  Levels  of  expression  of  CD9  and  each 
chimera  were  determined  by  immunoblotting  of  cell  lysates  with  anti-CD9  or 
CD82  antibodies. 


Another  mutagenesis  approach  was  to  generate  point  and  deletion  mutations  within  the  second 
extracellular  domain  (EC2)  of  CD82.  Based  on  previous  structure  function  analysis  of  tetraspanins,  the  EC2 
domain  is  the  most  unique  to  each  tetraspanin  and  is  thought  to  be  one  of  the  primary  determinants  of 
tetraspanin-specific  function  (44,45).  Thus  if  CD82  is  specific  to  its  effects  on  c-Met  it  is  likely  that  this 
domain  is  important.  This  domain  is  also  responsible  for  the  ability  of  some  tetraspanins  to  interact  with 
integrins  (46,47).  Within  the  CD82  EC2  domain  there  are  6  cysteine  residues  that  are  proposed  to  generate 
three  disulfide  bonds  (48).  The  middle  disulfide  bond  in  CD82  is  the  most  divergent  from  other  tetraspanins 
and  likely  to  be  important  in  its  function.  Therefore  we  generated  point  mutations  of  these  two  cysteine 
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residues,  as  well  as  a  deletion  mutant  that  would  remove  this  section  of  the  EC2  domain  (Fig  15).  An  HA- 
tag  was  added  at  the  C-terminus  to  allow  us  to  monitor  expression,  as  disruption  of  the  EC2  domain  will 
prevent  CD82  antibody  from  binding. 


c  c 


c _ c 

fi  I 


WT 

C174S 

C193S 

C174.193S 

A174-193 


(j  f- 


0)  0) 
>  TJ 


-CD82 


Fig  15:  A)  Diagram  of  mutants  (red)  generated  with  disulfide  bonds 
indicated  (c-c).  B)  PC3  cells  were  transiently  transfected  with  4ug  of 
empty  vector  (Vector),  wild  type  (Wt)  and  several  EC2  mutants  of  HA- 
tagged  CD82.  Forty  eight  hours  later  cells  were  lysed  and  analyzed  by 
immunoblotting  with  anti-HA  antibody. 


CD82  is  known  to  interact  with  several  other  molecules,  including  integrins,  other  tetraspanins,  and 
PKC.  Therefore  we  tried  immunoprecipitating  CD82  and  these  molecules  to  determine  if  we  can  detect  an 
interaction.  So  far  we  have  not  been  able  to  detect  an  interaction  between  CD82  and  PKC.  However,  we 
have  detected  an  interaction  between  CD82  and  the  tetraspanin  CD9  and  pi  integrin  (Fig  16A).  These 
data,  combined  with  the  chimera  data  (see  Fig  14)  suggest  that  the  ability  of  CD82  to  interact  with  CD9 
might  be  important  for  suppressing  c-Met  activation.  We  generated  an  siRNA  to  CD9  to  determine  if  loss  of 
CD9  prevents  CD82  from  suppressing  c-Met  (Fig  16B).  Loss  of  CD9  prevented  c-Met  suppression  by 
CD82  in  response  to  HGF  (Fig  16C).  Thus  the  ability  of  CD82  to  suppress  c-Met  may  be  mediated  by 
interactions  between  integrins,  CD82,  and  CD9. 
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Fig  16:  A)  CD82  or  CD9  were 
immunoprecipitated  (IP)  from  adherent 
vector-transfected  (Vec)  or  CD82 
expressing  (CD82)  PC3  cells  in  duplicate. 
Immunoprecipitates  (IP)  were  monitored 
for  the  presence  of  CD9,  CD82,  or  pi 
integrin  (pi  ITG)  by  immunoblotting. 
Mouse  immunoglobulin  (Ig)  was  used  as  a 
negative  IP  control.  B)  PC3  cells  were 
transiently  transfected  with  scrambled 
(controls)  or  CD9  siRNA  (siRNA)  and  the 
levels  of  CD9  monitored  by 
immunoblotting.  C)  CD82-expressing  PC3  cells  were  transiently  transfected  with  scrambled 
(scrm)  or  CD9  siRNA  and  72  hours  later  cells  were  stimulated  with  increasing  concentrations 
of  HGF  and  the  level  of  c-Met  activation  was  monitored  by  immunoblotting  of  c-Met 
immunoprecipitates  with  anti-phosphotyrosine  antibodies  (P-Tyr  Blot).  Total  levels  of  c-Met  in 
the  immunoprecipitates  and  CD9  in  cell  extracts  were  monitored  by  immunoblotting  (c-Met, 
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Upon  activation,  c-Met  is  tyrosine  phosphorylated  on  several  sites.  CD82  expression  reduces  the 
overall  tyrosine  phosphorylation  of  c-Met,  but  does  not  completely  abolish  it.  Thus,  CD82  may  target  the 
loss  of  phosphorylation  of  only  a  subset  of  specific  sites  on  c-Met.  If  so,  this  would  suggest  the  potential 
regulation  of  a  c-Met  tyrosine  phosphatase  by  CD82.  Therefore,  we  have  begun  to  analyze  the  level  of 
tyrosine  phosphorylation  on  the  four  known  residues  of  c-Met.  To  date,  we  have  detected  a  specific 
reduction  in  phosphorylation  of  Tyr1003  upon  CD82  expression  (Fig  17).  Additional  sites  will  be 
investigated  and  possible  tyrosine  phosphatases  identified. 
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Fig  17:  Parental  PC3  cells  (PC3),  vector  transfected  (Vec),  and  CD82  expressing 
(CD82)  cells  were  placed  in  suspension  (S)  or  plated  on  laminin  (LN)  and  the  level  of 
tyrosine  phosphorylation  on  Y1003  was  measured  by  immunoblotting  of  c-Met 
immunoprecipitates  (c-Met  IP)  with  site-specific  phospho  antibodies  (P-Y1003  Blot). 
The  blot  was  stripped  and  probed  with  anti-c-Met  antibodies  (c-Met  Blot)  to  measure 
total  levels  of  c-Met  in  the  immunoprecipitates. 
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Summary  of  Aim  3:  In  Aim  3  we  proposed  to  determine  how  androgen  and  integrins  cooperate  to  regulate 
cell  functions.  We  have  written  a  solicited  review  article  about  the  role  of  integrins  and  the  androgen 
receptor  (AR)  in  normal  and  prostate  tumor  cells  (49).  A  copy  is  attached.  In  our  studies  we  proposed  to 
use  primary  prostate  epithelial  cells,  since  we  had  anticipated  that  primary  cells  would  express  the 
androgen  receptor  (AR).  However,  they  do  not  (50).  Therefore,  we  decided  to  re-introduce  AR  into  both 
the  primary  and  tumor  cell  lines.  We  generated  retroviruses  expressing  wild  type  AR,  infected  PC3  cells, 
and  selected  several  stable  cell  lines  of  both  PC3  and  DU  145  expressing  different  levels  of  AR  (Fig  18). 
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Fig  18:  PC3  or  DU  145  cells  were  infected 
with  retroviruses  expressing  wild  type  AR 
and  stable  cell  lines  were  generated.  Levels 
of  AR  expression  were  monitored  by 
immunoblotting  (AR).  Expression  was  also 
monitored  by  immunofluorescence  staining 
(not  shown).  LNCaP  cells  were  used  as  a 
positive  control  for  AR  expression  levels. 


We  are  using  several  approaches  to  express  AR  in  primary  prostate  epithelial  cells  (PECs).  Since 
primary  PECs  do  not  infect  well  with  retroviruses  and  we  can  not  isolate  stable  lines  we  are  using 
adenoviruses  to  express  AR  in  primary  PECs.  However,  we  have  recently  been  successful  at  generating 
two  immortalized  cell  lines  of  PECs  using  E6/E7  and  hTert.  These  cells  are  now  past  the  100  doublings 
stage.  As  far  as  we  can  tell  they  retain  many  of  the  characteristics  of  the  primary  cells.  Thus  we  can  try 
using  our  retroviruses  to  generate  stable  immortalized  PEC  lines  expressing  AR.  In  addition  we  can  induce 
the  expression  of  endogenous  AR  in  primary  PECs  by  culturing  them  under  differentiation-inducing 
conditions.  Treatment  of  confluent  monolayers  of  PECs  with  KGF  results  in  the  induction  of  a  double  layer 
of  cells  and  AR  and  PSA  expression  in  the  clusters  of  cells  on  the  top  layer  (Fig  19).  This  structural 
differentiation  resembles  that  observed  in  vivo ,  where  AR  expression  is  confined  to  the  secretory  cell  layer 
that  sits  atop  the  basal  layer.  Thus  we  have  generated  several  models  in  which  we  can  study  the 
interactions  between  AR  and  integrins,  and  ultimately  determine  whether  CD82  alters  their  functions. 


PSA 


AR 


Top . Bottom 

Fig  19:  Primary  PECs  were  plated  on  collagen  and  grown  in  the 
presence  of  KGF  and  DHT  for  5-7  days.  Cells  were  fixed  and 
immunostained  with  anti-AR  (green)  or  anti-PSA  (red)  antibodies  and  the 
nuclei  counterstained  with  DAPI  (blue).  Cells  were  visualized  by  confocal  microscopy.  A)  Only  the  clusters  of  cells  on  the  top  of  the 
cell  monolayer  stained  positive  for  AR  or  PSA.  B)  Sections  through  the  clusters  (Top  to  Bottom).  AR  expression  was  uniform 
through  out  the  cells  in  the  cluster,  where  as  PSA  was  more  highly  concentrated  at  the  top  and  edges  exposed  to  the  culture 
medium,  as  if  it  was  actively  being  secreted.  This  suggests  the  cells  are  also  polarized  and  secretory  -  analogous  to  what  is  seen  in 
vivo.  The  differentiated  cells  also  failed  to  express  a  majority  of  the  integrins  seen  in  basal  cells,  but  retained  some  a2(31  and  a6|31 
integrins,  which  is  the  same  as  has  been  reported  in  vivo  (not  shown). 


DAPI  PSA  AR 


Nomarski 


Our  first  task  in  Aim  3  was  to  determine  if  AR  expression  has  an  affect  on  cell  migration. 
Expression  of  AR  in  PC3  cells  dramatically  altered  their  morphology  when  grown  in  culture.  Normal  PC3 
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cells  are  oval  or  slightly  elongated  in  shape,  while  the  AR-expressing  cells  were  dramatically  more  spread 
with  evidence  of  more  lamellipodia  and  filapodia  on  the  surface  of  the  cells  PC3  pc3-ar 

(Fig  20). 

Fig.  20:  PC3  cells  infected  with  vector  (PC3)  or  AR  cDNA  (PC3-AR)  were  grown  under 
standard  culture  conditions.  Phase  microscopy  images  were  taken  at  10X  magnification. 


In  preliminary  studies  in  the  PC3  AR  expressing  cells  we  noted  several  differences  in  the  expression 
of  integrins.  Specifically  we  observed  a  decrease  in  a3,  a5,  pi ,  and  p4  integrin  in  the  PC3  AR  expressing 
cells  (Fig  21),  leaving  a2  and  a6  integrins  as  the  only  integrins  in  these  cells.  Interestingly  these  integrins 
are  exactly  the  same  as  those  seen  in  primary  tumor  cells  which  express  AR  (see  Fig  1 ;  (51 )).  In  addition, 
these  same  two  integrins,  (a2p1  and  a6p1)  are  also  the  only  integrins  expressed  in  the  normal  cells  when 
induced  to  differentiate  with  KGF  (as  in  Fig  19;  not  shown).  Thus  AR  appears  to  control  integrin  expression 
in  both  normal  and  tumor  cells.  We  have  not  yet  determined  if  the  effects  of  AR  on  integrin  expression  are 
responsible  for  changes  in  migration  or  invasion  on  the  different  matrices. 


Our  second  task  was  to  determine  if  engagement  of  laminin  integrins  or  re-expression  of  CD82 
alters  AR-dependent  transcription  or  cell  survival.  We  first  determined  the  primary  integrin-mediated  cell 
survival  pathways  that  are  operating  in  both  primary  cells  and  in  PC3  cells.  Survival  of  primary  prostate 
epithelial  cells  on  laminin  5  (their  endogenous  matrix)  is  mediated  by  signaling  through  EGFR/Erk  and  Src. 
The  PI-3K/Akt  pathway  was  not  activated  on  this  matrix,  and  thus  survival  was  not  mediated  by  this 
pathway.  In  contrast,  adhesion  of  PC3  cells  to  laminin  failed  to  activate  EGFR/Erk,  and  therefore  this 
pathway  was  not  important  for  integrin-mediated  survival.  On  the  other  hand,  inhibition  of  the  PI-3K/Akt 
pathway  or  the  Src  pathway  induced  cell  death  in  PC3  cells.  These  findings  have  recently  been  published 
and  the  reprint  is  attached  (52).  We  have  gone  on  to  determine  if  these  same  survival  pathways  are 
important  in  the  other  prostate  cancer  cell  line,  DU145.  Signaling  through  EGFR/Erk  and  PI-3K  (Fig  22), 
but  not  Src  (not  shown)  appears  to  be  important  for  the  survival  of  DU  145  cells. 


Fig  22:  DU145  cells  were  plated 
on  collagen  (CL1)  in  the  absence 
(D,N)  or  presence  of  PD1 68393 
(EGFR  inhibitor),  PD98059  (MEK 
inhibitor),  U0126(MEK 
inhibitor),  LY294002  (PI-3K 
inhibitor),  or  staurosporine  (STR). 
A)  Cells  were  lysed  and  the  level  of 
EGFR,  Erk,  and  Akt  activation 
were  monitored.  B)  72  hours  later 
the  level  of  Annexin  V  positivity 
was  monitored  by  FACS. 
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Knowing  that  signaling  through  PI-3K/Akt  is  important  for  survival  of  both  PC3  and  DU145  cells,  we 
next  determined  whether  AR  would  affect  PI-3K/Akt-dependent  survival.  We  plated  vector-transfected  PC3 
cells  or  PC3-AR  cells  on  laminin  in  the  presence  or  absence  of  a  PI-3K  inhibitor  and  monitored  their  survival 
as  measured  by  TUNEL  and  PI  staining.  Inhibition  of  PI-3K,  dramatically  reduced  cell  number  and 
increased  TUNEL  staining  and  SubGI  content  after  72  hours  of  culturing  on  laminin  (Fig  23A,B)- 
Expression  of  AR  blocked  the  cell  death  on  laminin  induced  by  inhibition  of  PI-3K.  Thus  expression  of  AR  is 
able  to  overcome  the  need  for  signaling  through  PI-3K/Akt  to  regulate  survival  on  laminin.  One  potential 
explanation  for  the  ability  of  AR  to  rescue  cells  treated  with  LY294002  is  that  in  these  cells  Bad,  a 
proapoptotic  regulator,  is  not  induced  when  AR  is  present  and  the  total  level  of  the  anti-apoptotic  protein, 
Bcl-XL,  is  dramatically  increased  in  AR  expressing  cells  (Fig  23C,D).  Interestingly,  the  ability  of  AR  to 
rescue  survival  in  PI-3K  inhibited  cells  did  not  require  DHT,  suggesting  an  androgen-independent 
mechanism. 
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Fig  23:  PC3  cells  infected  with  vector  (PC3-puro)  or  AR  cDNA  (PC3-AR-1  ,-2)  were  plated  on  laminin  in  the  absence  (DMSO)  or 
presence  of  the  PI-3K  inhibitor  (LY294002)  plus  or  minus  DHT.  72  hours  later  the  cells  were  stained  for  A)  DNA  fragmentation 
using  TUNEL  or  B)  PI  for  DNA  content  and  analyzed  by  FACS.  Under  these  same  conditions  (D=DMSO,  LY=LY294002),  the  levels 
of  C)  Bcl-XL  or  D)  Bad  phosphorylation  on  Seri 36  (Blot  P-S136)  were  monitored  by  immunoblotting. 


Summary  of  Additional  Work:  One  measure  of  success  is  the  additional  questions  that  the  initial  studies 
generated,  that  if  answered  will  help  further  our  understanding.  The  following  results  have  also  been 
generated  and  address  additional  important  issues  about  the  function  of  CD82.  The  data  generated  from 
these  studies  (as  well  as  those  above)  were  used  as  preliminary  data  for  submission  of  additional  grant 
applications. 

CD82  was  originally  described  as  a  metastasis  suppressor  gene,  i.e.  it  does  not  affect  tumor  growth, 
but  rather  alters  invasion  and  metastasis.  This  conclusion  was  based  on  subcutaneous  injections  as  well 
as  tail  vein  metastasis  assays  of  a  rat  tumor  cell  line  and  a  human  mammary  tumor  cell  line  (53,54). 
However,  one  report  indicated  that  while  injection  of  a  metastatic  mammary  cell  line  re-expressing  CD82  did 
not  alter  the  tumor  incidence,  it  did  result  in  smaller  tumors  (53).  Since  none  of  these  assays  had  looked  at 
human  prostate  cells,  we  decided  to  test  the  effect  of  expressing  CD82  in  our  two  prostate  tumor  cell  lines 
on  in  vivo  metastasis.  To  generate  a  more  “realistic”  metastatic  model  for  prostate  cancer  we  chose  to  use 
orthotopic  injection  of  the  tumor  cells  directly  into  the  prostate  gland.  This  method  has  previously  been 
used  to  successfully  generate  lung  metastases  from  PC3  cells  (55,56).  Wild  type  PC3  cells  generated 
primary  tumors  in  72%  of  the  mice  (13/18),  69%  of  which  metastasized  to  the  lymph  nodes  (9/13)  and  46% 
to  the  lungs  (6/13).  In  contrast,  no  lung  metastases  were  seen  in  the  CD82  expressing  cells  and  only  2  of  5 
(40%)  mice  developed  lymph-node  metastases.  Surprisingly,  only  25%  (5/20)  mice  injected  with  CD82 
expressing  cells  generated  tumors. 

The  tumors  that  were  generated  by  the  CD82  expressing  cells  were  of  the  same  size  as  those 
produced  by  the  normal  PC3  cells  (Fig  24A).  The  few  metastases  and  tumors  that  were  observed  in  the 
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CD82-expressing  tumor  cells  demonstrated  a  partial  loss  of  CD82  expression,  since  some  of  the  cells  within 
these  tumors  and  lymph  node  metastases  no  longer  expressed  CD82  (Fig  24B). 


A.  25 

&  2 
4“ 

•£.  1-5 


E_ 

O 

E  0.5 

D 

I- 

0 

Mouse  #  9  Mouse  #10 

Fig  24:  A)  The  prostates  of  nude  mice  were  injected  with  normal  PC3  cells  (PC3)  or  PC3  cells  expressing  CD82  (PC3+CD82).  Ten 
weeks  later  prostates  were  removed  and  tumors  isolated.  Tumors  from  each  mouse  were  weighed.  B)  Immunofluorescence 
staining  of  mouse  prostate  tumors  and  lymph  node  metastases  generated  from  CD82-expressing  PC3  cells  in  nude  mice.  Frozen 
tissues  in  OTC  were  sectioned  and  immunostained  with  anti-human  CD82  antibody  (green)  and  nuclei  were  counterstained  with 
DAPI  (blue). 


Thus  these  data  indicate  that  CD82  expression  not  only 
suppresses  metastasis,  but  also  suppresses  cell  growth  in  vivo. 

We  directly  measured  cell  proliferation  of  normal  and  CD82- 
expressing  PC3  cells  and  detected  no  differences  in  their 
proliferative  potential  in  vitro  (Fig  25).  Thus  something  in  the 
host  environment  is  limiting  tumor  proliferation  that  is  not 
present  in  vitro. 

Our  model  predicts  that  CD82  acts  to  suppress 
metastasis  by  inhibiting  signaling  through  c-Met.  We  wish  to 
test  this  hypothesis  in  vivo  in  a  metastasis  model.  DU145  cells, 
when  injected  subcutaneously  into  SCID  mice  generate  tumors, 
but  when  injected  into  a  transgenic  SCID  mice  over  expressing 
human  HGF,  generate  larger  tumors  (57).  We  wanted  to 
determine  if  expression  of  CD82  would  suppress  HGF-induced  increase  in  tumorigenesis  or  metastasis. 
Since  we  did  not  know  if  orthotopic  injection  of  DU  145  cells  in  these  mice  would  lead  to  metastases  we  set 
up  an  initial  trial.  We  orthotopically  injected  the  prostates  of  SCID  mice  or  HGF/SCID  mice  with  the  DU145 
tumor  cells  and  monitored  the  development  of  metastases.  Interestingly,  orthotopic  injection  of  DU145  cells 
into  the  SCID  or  HGF/SCID  mice  resulted  in  31  of  36  (87%)  mice  developing  prostate  tumors.  However 
metastasis  was  observed  only  in  the  HGF/SCID  mice  and  not  the  SCID  mice;18/31  mice  (58%)  developed 
metastases.  Thus  the  presence  of  HGF  is  required  for  the  development  of  metastases  by  DU  145  cells.  We 
are  now  testing  whether  expression  of  CD82  in  DU145  cells  suppresses  this  HGF-specific  induction  of 
metastasis. 

Several  different  prostate  tumor  mouse  models  have  been  developed  that  recapitulate  prostate 
tumor  development  in  humans.  Loss  of  p27Kip  (a  cell  cycle  regulatory  protein)  and  Pten  (a  negative 
regulator  of  the  PI-3K  pathway),  and  increased  levels  of  c-Myc  have  all  been  demonstrated  to  occur  in 
human  prostate  cancer.  Correspondingly,  loss  of  p27kip  expression  combined  with  partial  loss  of  Pten 
and/or  Nkx3.1 ,  complete  loss  of  Pten  alone,  or  over  expression  of  c-Myc  can  each  lead  to  the  development 
of  prostate  adenocarcinomas  in  mice  (58-60).  However,  in  these  models,  the  development  of  metastases  is 
rare  and  tumors  do  not  metastasize  to  the  bone  or  other  organs  as  is  observed  in  human  disease.  Our 
hypothesis  is  that  genetic  loss  of  CD82  in  the  context  of  primary  prostate  cancer  is  critical  for  the 
development  of  metastatic  disease.  Our  approach  is  to  first  develop  a  CD82  conditional  null  mouse  in 
which  loss  of  CD82  expression  is  induced  in  the  prostate.  These  mice  will  then  be  bred  to  one  or  more  of 
the  mouse  models  described  above  that  predispose  them  to  the  development  of  primary  prostate  cancer. 
This  model  will  allow  us  to  determine  if  loss  of  CD82  in  the  context  of  primary  prostate  cancer  is  required  for 
the  development  of  prostate  metastasis  in  mice. 


PC3-  Par  PC3#  1  PC3#2  PC3#4  *  PC3-V#1 


Fig  25:  10,000  parental  PC3  cells  (PC3-Par), 
vector-transfected  cells  (PC3-V#1 ),  and  three 
CD82  expressing  clones  (PC3#1, 2  and  4)  were 
plated  on  day  1  and  counted  daily  for  10  days. 
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Our  strategy  was  to  generate  conditional  loss  of  CD82  expression  in  prostate  epithelial  cells  of  the 
mouse.  We  generated  a  targeting  vector  for  recombination  in  EX  cells  in  which  exons  IV  and  V  are  flanked 
by  LoxP  sites  (Fig  26).  This  targeting  vector  contains  a  neomycin  resistance  gene  for  positive  selection  and 
an  HSV-TK  gene  for  negative  selection. 


ll.6kb 


Targeting  Construct 


Fig  26:  Targeting  strategy  for  disruption  of  murine  cd82.  A  BAC 
clone  containing  murine  cd82  was  identified  by  screening  of  BAC 
library  RPCI-22  (129/SvEvTACC/Br).  Three  PCR  fragments  of 
cd82  were  assembled  into  the  targeting  vector.  Prior  to  assembly 
PCR  fragments  were  subcloned  and  their  sequences  verified.  A 
2.1  kb  PCR  fragment  including  a  loxP  site  (red  triangle)  and  exons 
IV  and  V  was  inserted  in  front  of  the  neo  gene.  A  1 .7kb  PCR 
fragment  immediately  5’  of  fragment  1  was  inserted  upstream  of  the 
loxP  site  (red  triangle).  A  third  4kb  PCR  fragment  beginning 
immediately  3’  of  fragment  1  was  inserted  downstream  of  the  neo 
gene  and  a  loxP  site.  ES  cell  clones  were  screened  by  PCR 
amplification  of  a  region  of  cd82  beginning  in  Exon  III  and 
terminating  in  the  5’  most  loxP  site  for  the  floxed  allele  (arrow 
heads).  All  PCR  positive  clones  will  be  verified  by  Southern  blotting 
with  a  ~0.5  KB  probe  (*)  close  to,  but  not  within,  the  region  covered 
by  the  targeting  construct.  Digestion  of  genomic  DNA  with  EcoRI  combined  with  our  Southern  blotting  probe  will  easily  distinguish 
between  Wt  (11.6kb),  floxed  (8.8kb),  and  Cre-deleted  alleles  (5.1  kb). _ 


8.8kb 


|Cre  expression 


Cre-deleted  Allele 


fH-J — 


-H- 


-HH- 


5.1  kb 


We  obtained  over  10  positive  ES  cell  clones  in  which  the  floxed  allele  recombined  correctly  into  the 
CD82  locus  (Fig  27A).  Two  clones  were  selected  for  injection  and  4  male  chimeric  mice  with  mixed  coat 
color  (agouti)  were  obtained.  Two  mice  successfully  generated  agouti  offspring,  20  of  which  we  have 
confirmed  to  be  heterozygous  for  the  floxed  CD82  allele  (Fig  27B).  The  heterozygotes  were  bred  to 
homozygosity  (Fig  27C). 


- 11.6  wt  allele 
-  8.8  flox  allele 


ES  Clones 


Heterzygotes 


Homozygotes 


the  chimeras  were  screened  by  PCR  for  the  floxed  CD82  allele.  Four  positive  heterozygotes  are  shown. 
heterzyous  cross  were  screened  by  PCR  for  double  floxed  alleles.  4  positives  are  shown. _ 


Fig  27:  A)  ES  cells  were 
screened  for 
recombination  of  the 
floxed  CD82  allele  by 
Southern  blotting. 
Examples  of  4  positive 
clones  are  shown.  B) 
Agouti  FI  offspring  from 
C)  Offspring  from  the 


We  crossed  homozygous  CD82  floxed  mice  into  CMV-Cre  to  verify  generation  of  Cre-dependent 
loss  of  the  floxed  CD82  alleles  (Fig  28A).  In  the  heterozygotes  from  the  CMV-Cre  offspring  one  of  the 
CD82  alleles  is  no  longer  recognized  by  the  floxed  allele  PCR  primers,  but  is  now  recognized  by  the  deleted 
allele  primers.  The  Cre/cd82LoxP/+  mice  were  crossed  to  generate  homozygous  deletion  of  floxed  CD82  (Fig 
29A).  Now  both  alleles  are  deleted.  At  5  weeks  of  age,  these  mice  appear  normal  and  viable.  Thus  loss  of 
exons  IV  and  V  in  the  CD82  gene  in  all  tissues  does  not  result  in  embryonic  lethality. 

The  homozygous  CD82  floxed  mice  were  also  bred  to  probasin-Cre  mice  and  into  the  floxed  Pten 
mice  (58).  We  have  mice  from  these  crosses  containing  Cre  positive  heterozygous  floxed  CD82  alleles 
and  double  heterozygous  floxed  CD82  and  Pten  alleles  (Fig  28  B,C).  The  Cre-deleted  allele  would  not  be 
expected  to  appear  in  the  tail  DNA  of  the  probasin-Cre  mice,  since  Cre  is  only  active  in  the  prostate.  We 
have  also  now  generated  homozygous  floxed  cd82/Pten  mice  (Fig  29B).  Probasin-Cre  mice  will  be  crossed 
with  the  double  floxed  homozygous  CD82/Pten  mice  to  determine  if  combined  loss  of  CD82  and  Pten  in  the 
prostate  leads  to  the  development  of  metastatic  prostate  cancer. 
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Figure  28:  A)  DNA  isolated  from  CMV-Cre  x  cd82loxP/loxP  and  B)  cd82loxP/loxP  x  Probasin-Cre  offspring  were  screened  by  multi-plex 
PCR  for  the  Cre  (ere)  gene  and  the  floxed  (Fix)  or  deleted  (Ko)  CD82  alleles.  C)  DNA  isolated  from  cd82loxP,loxP  x  ptenloxP/loxP 
offspring  were  screened  by  PCR  for  floxed  (Fix)  CD82  and  Pten  alleles. 
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CMV-Cre 

Floxed 

CD82 

Deleted 

CD82 


Probasin 

Cre 

Floxed 

CD82 

Deleted 

CD82 


C.  ptenloxP,loxP  x  cd82loxP/loxP 
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Flx-g  JcD82 
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A.  Mouse  #1234567  B.  Mouse  #1234567 
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Floxed 
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Fig  29:  A)  CMV-Cre;cd82loxP/+  mice  were 
crossed  to  each  other  to  generate  mice 
expressing  Cre  in  all  tissues  which  resulted  in 
homozygous  deletion  of  both  the  CD82  alleles 
as  detected  by  multiplex  PCR  of  tail  DNA.  B) 
ptenloxP/+;cd82loxP/+  mice  were  crossed  to  each 
other  to  generate  double  homozygous 
ptenloxP,loxP;cd82loxP/loxP  mice  as  determined  by 
multiplex  PCR  of  tail  DNA.  Astericks  indicate 
mice  of  the  desired  genotype. 
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In  the  first  year: 

1 .  Generated  stable  transfectants  of  PC3  and  DU145  cells  expressing  CD82. 

2.  Demonstrated  that  CD82  expression  does  not  affect  laminin  or  collagen  integrin  expression. 

3.  Demonstrated  that  CD82  expression  suppresses  laminin  and  collagen-mediated  migration. 

4.  Demonstrated  that  CD82  suppresses  matrigel  invasion. 

5.  Identified  c-Met  and  Src  as  independent  downstream  targets  of  CD82  in  PC3  cells. 

6.  Demonstrated  that  both  Met  and  Src  are  required  for  PC3  cell  matrigel  invasion. 

7.  Observed  that  expression  of  androgen  receptor  in  PC3  cells  increases  integrin-mediated  cell 
survival  when  PI-3K  is  inhibited. 

second  year: 

Demonstrated  that  CD82  also  suppresses  HGF-mediated  activation  of  c-Met  and  HGF-mediated 
invasion. 

Determined  that  CD82  modulates  the  activity  of  c-Met  by  decreasing  its  sensitivity  to  ligand. 
Demonstrated  that  CD82  indirectly  regulates  c-Met  activity  by  physically  altering  c-Met  distribution 
on  the  cell  surface,  but  not  altering  its  degradation  or  internalization. 

Generated  adenoviruses  for  expression  of  CD82  shRNA  and  AR  in  primary  prostate  epithelial  cells 
Showed  that  loss  of  CD82  expression  in  primary  cells  enhances  c-Met  activation  on  laminin. 
Developed  an  orthotopic  metastatic  mouse  model  for  measuring  the  effect  of  CD82  expression  on 
tumor  growth  and  metastasis. 

Determined  that  CD82  acts  to  suppress  tumor  growth  in  vivo,  but  not  in  vitro. 

Identified  the  signaling  pathways  required  for  survival  of  normal  versus  metastatic  prostate  cells  on 
laminin. 

In  the  third  year: 

1 .  Generated  stable  PC3  cell  lines  expressing  CD9,  CD82/CD9  and  CD9/CD82  chimeric  mutants. 

2.  Generated  HA-tagged  CD82  and  several  HA-tagged  EC2  domain  mutants. 

3.  Determined  that  two  regions  of  CD82,  the  EC2  domain  and  the  N-terminus,  are  required  for  efficient 
inhibition  of  c-Met  activation. 

4.  Demonstrated  that  re-expression  of  CD82  in  PC3  cells  induces  the  formation  of  a  complex  between 
CD82,  pi  integrin,  and  another  tetraspanin,  CD9. 

5.  Demonstrated  that  CD9  is  required  for  CD82-mediated  suppression  of  c-Met  activation  in  response 
to  HGF 

6.  Demonstrated  that  CD82  specifically  inhibits  c-Met  tyrosine  phosphorylation  at  Y1003. 

7.  Developed  an  in  vitro  differentiation  model  of  primary  prostate  epithelial  cells  resulting  in  induction 
and  expression  of  AR  and  PSA  in  primary  epithelial  cells 

8.  Identified  the  integrin-mediated  survival  pathways  in  DU145  cells 

9.  Demonstrated  that  re-expression  of  AR  in  prostate  tumor  cells  suppresses  integrin  expression  and 
increases  the  levels  of  Bcl-XL  expression  independent  of  androgen. 

10.  Developed  a  transgenic  mouse  model  to  test  the  role  of  c-Met  in  CD82-mediated  metastasis 
suppression. 

1 1 .  Generated  heterozygous  and  homozygous  floxed  alleles  of  the  CD82  gene  in  mice. 


REPORTABLE  OUTCOMES 

The  following  items  have  been  generated  due  to  the  research  carried  out  in  the  three  years  of  funding. 

1 .  We  have  published  several  papers  resulting  from  this  work.  We  anticipate  another  paper  going  out  soon 
once  we  test  the  CD82  mutants  as  well  as  future  manuscripts  based  on  some  of  the  initial  data 
generated  here. 


In  the 
1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 
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4.  We  have  generated  the  following  reagents/models: 

a.  Stable  cell  lines  of  PC3  and  DU145  cells  expressing  CD82  and/or  c-Met 

b.  An  orthotopic  metastatic  cancer  model  for  PC3  cells  in  nude  mice 

c.  Adenoviruses  that  express  an  shRNA  specific  to  CD82  to  inhibit  its  expression 

d.  Adenoviruses  that  express  the  androgen  receptor 

e.  Stable  PC3  and  DU145  cell  lines  expressing  AR 

f.  Differentiation  model  in  PECs  that  will  allow  better  understanding  of  AR  function. 

g.  Stable  PC3  cells  lines  that  express  chimeric  mutants  of  CD82  and  EC2  domain  mutants. 

h.  a  transgenic  mouse  over  expressing  human  HGF  has  been  used  to  generate  an  orthotopic 
metastastic  prostate  cancer  model  using  DU  145  cells. 

i.  mice  containing  floxed  alleles  of  CD82  alone  or  CD82  and  Pten  together. 

j.  conditional  loss  of  CD82  expression  in  all  tissues  of  the  mouse 


5.  We  have  applied  for  the  following  funding: 

2004:  Dr.  Suganthi  Sridhar  applied  for  an  NRSA  fellowship  from  NIH. 

It  was  not  funded 

2005:  Two  grants  were  applied  for  and  funded: 

108573  Research  Scholar  Grant  (Miranti,  PI)  7/1/05-6/30/09 

American  Cancer  Society 

Integrin  and  RTK  Signaling  and  Crosstalk  in  Prostate  Epithelial  Cells 
Role  in  Project:  PI 

The  goal  of  this  project  is  to  determine  the  role  of  integrins  and  receptor  tyrosine  kinases  in 
regulating  signaling,  cell  survival,  and  proliferation  of  primary  prostate  epithelia  cells. 

Elsa  Pardee  Foundation  Grant  (Miranti,  PI)  9/1/05-8/31/07 

Elsa  U.  Pardee  Foundation 

Conditional  Loss  of  the  Metastasis  Suppressor  KAI1/CD82  in  the  Prostate 
Role  in  Project:  PI 

The  goal  of  this  project  is  to  generate  conditional  loss  of  expression  of  CD82  in  the  prostate  of  mice 
so  that  we  can  determine  the  role  of  CD82  in  prostate  tumor  metastasis  in  vivo. 

2006:  NIH  R01  application  was  submitted  in  June  2006  to  extend  our  studies  begun  with  the  DOD 
New  Investigator  Award.  It  was  not  scored.  It  was  revised  and  resubmitted  July  2007. 

Association  for  International  Cancer  Research  application  was  submitted  in  October  2006  for 
a  prostate-specific  grant  based  on  our  CD82  studies.  It  was  not  funded,  but  will  be 
resubmitted  in  October  2007. 

2007:  DOD  Idea  Award  application  was  submitted  in  April  2007.  It  is  currently  under  review. 


6.  Dr.  Suganthi  Sridhar,  the  postdoctoral  fellow  who  is  supported  by  this  grant,  applied  for  and  accepted  an 
Assistant  Professor  position  in  the  Department  of  Biomedical  Sciences  at  Grand  Valley  State  University 
in  2006. 

7.  Dr.  Miranti  was  asked  to  help  organize  the  next  FASEB:  Tetraspanin  Meeting  in  2008. 

8.  Dr.  Miranti  has  served  as  scientific  reviewer  for  the  DOD  PCRP  for  three  years. 
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CONCLUSIONS 

Prior  to  our  studies,  the  role  of  CD82  loss  in  regulating  prostate  tumor  metastasis  had  not  been 
determined.  We  have  demonstrated  that  in  metastatic  tumor  cells  where  elevated  c-Met  expression  and 
activation  by  integrins  is  responsible  for  enhancing  laminin-dependent  migration  and  invasion,  re-expression 
of  CD82  suppresses  both  c-Met  and  Src  signaling.  This  is  not  due  to  changes  in  integrin  expression  on  the 
cell  surface.  Signaling  through  both  Src  and  c-Met  is  required  for  cell  migration  and  invasion  in  metastatic 
tumor  cells.  Conversely,  suppression  of  CD82  expression  in  normal  cells  increases  c-Met  activation  by 
laminin.  We  have  also  shown  that  CD82  acts  to  modulate  c-Met  signaling  in  response  to  its  ligand  HGF/SF. 
At  low  levels  of  ligand,  CD82  suppresses,  but  when  ligand  is  sufficiently  high,  it  can  activate  c-Met  even  if 
CD82  is  present.  We  have  further  determined  that  CD82  regulates  c-Met  activation  through  an  indirect 
mechanism  by  altering  the  distribution  of  c-Met  on  the  surface  of  the  cell.  This  may  be  due  to  the  ability  of 
CD82  to  interact  with  CD9  and  pi  integrins,  and/or  CD82-mediated  regulation  of  a  tyrosine  phosphatase. 
When  tumor  cells  are  injected  orthotopically  into  the  prostates  of  mice,  CD82  suppresses  both  metastasis 
and  growth,  even  through  CD82  expression  has  no  effect  on  cell  proliferation  in  vitro,  suggesting  specific 
effects  of  the  prostate  environment  on  CD82  function.  We  are  currently  developing  a  transgenic  mouse 
model  and  a  germline  conditional  loss  of  CD82  to  test  our  hypothesis  that  CD82  regulates  c-Met  in  vivo. 

We  have  identified  the  PI-3K/Akt  pathway  as  a  critical  component  of  laminin-specific  survival  in  metastatic 
prostate  cells  and  shown  that  expression  of  AR  by-passes  the  need  for  PI-3K  signaling  when  cells  are 
adherent  to  laminin.  We  have  developed  an  in  vitro  differentiation  assay  which  allows  us  to  generate 
primary  cells,  which  already  express  CD82,  to  also  express  AR.  These  cells  can  be  used  to  see  how 
interactions  between  CD82  and  AR  are  regulated. 

So  What:  Our  findings  have  broad  implications  for  the  control  of  metastatic  cancer.  CD82  loss  has 
been  reported  in  many  types  of  cancers.  Likewise,  c-Met  over  expression,  mutation,  or  activation  has  also 
been  reported  for  a  wide  range  of  cancers  and  its  aberrant  activity  correlates  with  the  development  of 
metastasis  (14-16).  We  propose  that  loss  of  CD82  may  be  required  for  the  development  of  metastasis,  by 
removing  a  control  point  for  c-Met  signaling.  We  will  be  testing  this  idea  in  our  CD82  deficient  mice.  In 
devising  possible  treatment  strategies  for  metastatic  cancer  the  replacement  of  a  lost  gene  is  much  more 
difficult  than  pharmacologically  suppressing  the  activity  of  an  active  gene.  Therefore,  our  studies  also 
demonstrate  that  targeting  c-Met  (or  Src)  would  be  a  logical  approach  to  therapeutic  intervention.  We  are 
currently  developing  an  orthotopic  model  for  prostate  cancer  metastasis  using  a  SCID  transgenic  HGF 
mouse.  These  studies  will  allow  us  to  test  whether  CD82  expression  in  vivo  is  sufficient  to  suppress 
signaling  through  c-Met  in  vivo  as  our  in  vitro  data  indicates. 

Our  findings  also  suggest  the  possibility  of  using  both  CD82  expression  and  c-Met  activation  state 
as  a  potential  biomarker  pair  for  the  prediction  of  metastatic  disease.  Loss  of  CD82  correlates  highly  with 
metastatic  disease.  If  it  can  be  demonstrated  that  c-Met  activity  is  also  up-regulated  in  tumors  that 
eventually  metastasize,  then  these  might  make  good  prognostic  tools. 

Our  studies  have  also  advanced  the  knowledge  of  how  members  of  the  tetraspanin  family  function. 
Interestingly,  three  other  tetraspanins,  CD151,  CO-029,  and  kitenin,  appear  to  behave  opposite  to  CD82,  in 
that  their  levels  of  expression  and  activity  are  elevated  in  tumors  (61-63).  Since  tetraspanins  are  known  to 
interact  with  each  other,  it  is  possible  that  loss  of  CD82  may  act  in  part  by  enhancing  the  expression  or 
activity  of  other  tetraspanins.  Our  preliminary  data  indicate  that  expression  of  CD82  in  tumor  cells  leads  to 
the  association  of  CD82  with  CD9  and  a  resulting  increase  in  CD9  association  with  pi  integrin.  Loss  of 
CD9  by  siRNA  prevents  the  ability  of  CD82  to  suppress  c-Met  activation.  This  may  account  for  our 
observation  that  CD82  regulates  c-Met  function  through  an  indirect  mechanism.  This  idea  will  be  explored 
further.  In  addition  we  are  also  exploring  the  possibility  that  CD82  might  regulate  a  c-Met  tyrosine 
phosphatase. 

Our  findings  that  the  PI-3K  pathway  contributes  to  integrin-mediated  survival  in  metastatic  cells  is 
important  because  of  the  proposed  role  for  laminin  in  tumor  invasion  and  metastasis  (1).  These  data  would 
suggest  that  targeting  the  PI-3K  pathway  would  be  an  effective  therapeutic  approach  for  metastatic  cancer. 

However,  we  have  further  demonstrated  that  expression  of  the  androgen  receptor  negates  this 
dependence  on  PI-3K  and  alters  the  expression  of  integrins  in  both  tumor  and  normal  cells  to  favor  laminin 
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integrins.  These  data  suggest  that  since  over  90%  of  metastatic  cancers  still  express  AR,  targeting  the  Pl- 
3K  pathway  alone  would  not  be  sufficient  in  a  laminin-rich  environment.  It  will  be  necessary  to  determine 
how  AR  expression  suppresses  the  dependence  on  PI-3K  to  identify  additional  targets  for  therapeutic 
intervention.  AR  also  up-regulated  the  level  of  bcl-XL  in  cells,  suggesting  it  may  be  necessary  to  target  Bcl2 
family  members  in  addition  to  PI-3K.  In  addition  we  have  developed  the  first  in  vitro  differentiation  model  for 
prostate  epithelial  cells  that  will  allow  us  to  further  investigate  the  potential  role  of  CD82  in  regulating  AR 
function  in  normal  versus  tumor  cells. 


PERSONNEL  SUPPORTED  BY  GRANT 


Dr.  Cynthia  Miranti 
Dr.  Suganthi  Sridhar 
Gary  Rajah 
Veronique  Schulz 


PI 

Postdoctoral  Fellow 
Undergraduate  Student 
Senior  Technician 


15%  effort 

80%  effort  until  7/31/2006 
100%  effort  starting  8/1/2006 
40%  effort  starting  8/1/2006 


REFERENCES 

1.  Cress,  A.  E.,  Rabinovitz,  I.,  Zhu,  W.,  and  Nagle,  R.  B.  (1995)  Cancer  Metastasis  Rev  14(3),  219- 
228. 

2.  Davis,  T.  L.,  Cress,  A.  E.,  Dalkin,  B.  L.,  and  Nagle,  R.  B.  (2001)  Prostate  46(3),  240-248. 

3.  van  Leenders,  G.  J.,  and  Schalken,  J.  A.  (2003)  Crit  Rev  Oncol  Hematol  46  Suppl,  3-10 

4.  Bui,  M.,  and  Reiter,  R.  E.  (1998)  Cancer  Metastasis  Rev  17(4),  391-399 

5.  Hemler,  M.  E.  (2001)  The  Journal  of  cell  biology  155(7),  1103-1107. 

6.  Sridhar,  S.  C.,  and  Miranti,  C.  K.  (eds).  (2005)  Tumor  Metastasis  Suppressor  KAI1/CD82  is  a 
Tetraspanin,  Human  Press,  Inc.,  New  Jersey 

7.  He,  B.,  Liu,  L.,  Cook,  G.  A.,  Grgurevich,  S.,  Jennings,  L.  K.,  and  Zhang,  X.  A.  (2005)  J  Biol  Chem 
280(5),  3346-3354 

8.  Sridhar,  S.  C.,  and  Miranti,  C.  K.  (2006)  Oncogene  25(16),  2367-2378 

9.  Odintsova,  E.,  Sugiura,  T.,  and  Berditchevski,  F.  (2000)  Curr  Biol  10(16),  1009-1012 

10.  Bill,  H.  M.,  Knudsen,  B.,  Moores,  S.  L.,  Muthuswamy,  S.  K.,  Rao,  V.  R.,  Brugge,  J.  S.,  and  Miranti,  C. 

K.  (2004)  Mol  Cell  Biol  24(19),  8586-8599 

11.  Wang,  R.,  Kobayashi,  R.,  and  Bishop,  J.  M.  (1996)  Proc.  Natl.  Acad.  Sci.  U.S.A.  93(16),  8425-8430 

12.  Sundberg,  C„  and  Rubin,  K.  (1996)  J,  Cell  Biol,  132(4),  741-752 

13.  Danilkovitch-Miagkova,  A.,  Angeloni,  D.,  Skeel,  A.,  Donley,  S.,  Lerman,  M.,  and  Leonard,  E.  J. 

(2000)  J.  Biol.  Chem.  275(20),  14783-14786 

14.  Birchmeier,  W.,  Brinkmann,  V.,  Niemann,  C.,  Meiners,  S.,  DiCesare,  S.,  Naundorf,  H.,  and  Sachs,  M. 
(1997)  Ciba  Found  Symp  212,  230-240 

15.  Birchmeier,  C.,  Birchmeier,  W.,  Gherardi,  E.,  and  Vande  Woude,  G.  F.  (2003)  Nat  Rev  Mol  Cell  Biol 
4(12),  915-925 

16.  Wang,  R.,  Ferrell,  L.  D.,  Faouzi,  S.,  Maher,  J.  J.,  and  Bishop,  J.  M.  (2001)  J  Cell  Biol  153(5),  1023- 
1034. 

17.  Nishimura,  K.,  Kitamura,  M.,  Takada,  S.,  Nonomura,  N.,  Tsujimura,  A.,  Matsumiya,  K.,  Miki,  T., 
Matsumoto,  K.,  and  Okuyama,  A.  (1998)  Int  J  Urol  5(3),  276-281. 

18.  Knudsen,  B.  S.,  Gmyrek,  G.  A.,  Inra,  J.,  Scherr,  D.  S.,  Vaughan,  E.  D.,  Nanus,  D.  M.,  Kattan,  M.  W., 
Gerald,  W.  L„  and  Vande  Woude,  G.  F.  (2002)  Urology  60(6),  1113-1117 

19.  van  Leenders,  G.,  van  Balken,  B.,  Aalders,  T.,  Hulsbergen-van  de  Kaa,  C.,  Ruiter,  D.,  and  Schalken, 
J.  (2002)  Prostate  51(2),  98-107 

20.  Nakashiro,  K.,  Hayashi,  Y.,  and  Oyasu,  R.  (2003)  Oncol  Rep  10(5),  1149-1153 

21.  Humphrey,  P.  A.,  Zhu,  X.,  Zarnegar,  R.,  Swanson,  P.  E.,  Ratliff,  T.  L.,  Vollmer,  R.  T.,  and  Day,  M.  L. 
(1995)  Am  J  Pathol  147(2),  386-396. 


23 


This  report  contains  unpublished  data 


PI:  Miranti,  Cynthia  W81XWH-04- 1-0044 


22.  Pisters,  L.  L.,  Troncoso,  P.,  Zhau,  H.  E.,  Li,  W.,  von  Eschenbach,  A.  C.,  and  Chung,  L.  W.  (1995)  J 
Urol  154(1),  293-298 

23.  Knudsen,  B.  S.,  and  Edlund,  M.  (2004)  Adv  Cancer  Res  91,  31-67 

24.  Maygarden,  S.  J.,  Strom,  S.,  and  Ware,  J.  L.  (1992)  Arch  Pathol  Lab  Med  116(3),  269-273 

25.  Skacel,  M.,  Ormsby,  A.  H.,  Pettay,  J.  D.,  Tsiftsakis,  E.  K.,  Liou,  L.  S.,  Klein,  E.  A.,  Levin,  H.  S., 

Zippe,  C.  D„  and  Tubbs,  R.  R.  (2001)  Hum  Pathol  32(12),  1392-1397 

26.  Di  Lorenzo,  G.,  Tortora,  G.,  D'Armiento,  F.  P.,  De  Rosa,  G.,  Staibano,  S.,  Autorino,  R.,  DArmiento, 
M.,  De  Laurentiis,  M.,  De  Placido,  S.,  Catalano,  G.,  Bianco,  A.  R.,  and  Ciardiello,  F.  (2002)  Clin 
Cancer  Res  8(1 1 ),  3438-3444 

27.  De  Miguel,  P.,  Royuela,  Bethencourt,  R.,  Ruiz,  A.,  Fraile,  B.,  and  Paniagua,  R.  (1999)  Cytokine 
11(9),  722-727 

28.  Sieg,  D.  J.,  Hauck,  C.  R.,  Ilic,  D.,  Klingbeil,  C.  K.,  Schaefer,  E.,  Damsky,  C.  H.,  and  Schlaepfer,  D.  D. 
(2000)  Nat.  Cell  Biol.  2(5),  249-256 

29.  Hsia,  D.  A.,  Mitra,  S.  K.,  Hauck,  C.  R.,  Streblow,  D.  N.,  Nelson,  J.  A.,  Ilic,  D.,  Huang,  S.,  Li,  E., 
Nemerow,  G.  R.,  Leng,  J.,  Spencer,  K.  S.,  Cheresh,  D.  A.,  and  Schlaepfer,  D.  D.  (2003)  The  Journal 
of  cell  biology  160(5),  753-767 

30.  Hauck,  C.  R.,  Hsia,  D.  A.,  Puente,  X.  S.,  Cheresh,  D.  A.,  and  Schlaepfer,  D.  D.  (2002)  Embo  J 
21(23),  6289-6302 

31.  Hauck,  C.  R„  Hsia,  D.  A.,  and  Schlaepfer,  D.  D.  (2002)  IUBMB  Life  53(2),  115-119 

32.  Timpson,  P.,  Jones,  G.  E.,  Frame,  M.  C.,  and  Brunton,  V.  G.  (2001)  Curr  Biol  11(23),  1836-1846 

33.  Frame,  M.  C.  (2004)  J  Cell  Sci  11 7(Pt  7),  989-998 

34.  Brunton,  V.  G.,  Avizienyte,  E.,  Fincham,  V.  J.,  Serrels,  B.,  Metcalf,  C.  A.,  3rd,  Sawyer,  T.  K.,  and 
Frame,  M.  C.  (2005)  Cancer  Res  65(4),  1335-1342 

35.  Westhoff,  M.  A.,  Serrels,  B.,  Fincham,  V.  J.,  Frame,  M.  C.,  and  Carragher,  N.  O.  (2004)  Mol  Cell  Biol 
24(18),  8113-8133 

36.  Rahimi,  N.,  Hung,  W.,  Tremblay,  E.,  Saulnier,  R.,  and  Elliott,  B.  (1998)  J  Biol  Chem  273(50),  33714- 
33721 

37.  Nakaigawa,  N.,  Weirich,  G.,  Schmidt,  L.,  and  Zbar,  B.  (2000)  Oncogene  19(26),  2996-3002 

38.  Moro,  L.,  Dolce,  L.,  Cabodi,  S.,  Bergatto,  E.,  Erba,  E.  B.,  Smeriglio,  M.,  Turco,  E.,  Retta,  S.  F., 
Giuffrida,  M.  G.,  Venturino,  M.,  Godovac-Zimmermann,  J.,  Conti,  A.,  Schaefer,  E.,  Beguinot,  L., 
Tacchetti,  C.,  Gaggini,  P.,  Silengo,  L.,  Tarone,  G.,  and  Defilippi,  P.  (2002)  J  Biol  Chem  277(1 1 ), 
9405-9414 

39.  Blake,  R.  A.,  Broome,  M.  A.,  Liu,  X.,  Wu,  J.,  Gishizky,  M.,  Sun,  L.,  and  Courtneidge,  S.  A.  (2000) 

Mol.  Cell.  Biol.  20(23),  9018-9027 

40.  Shinomiya,  N.,  Gao,  C.  F.,  Xie,  Q.,  Gustafson,  M.,  Waters,  D.  J.,  Zhang,  Y.  W.,  and  Vande  Woude, 
G.  F.  (2004)  Cancer  Res  64(21 ),  7962-7970 

41.  Maecker,  H.  T„  Todd,  S.  C„  and  Levy,  S.  (1997)  Faseb  J  11(6),  428-442 

42.  Rubinstein,  E.,  Poindessous-Jazat,  V.,  Le  Naour,  F.,  Billard,  M.,  and  Boucheix,  C.  (1997)  EurJ 
Immunol  27(8),  1919-1927 

43.  Charrin,  S.,  Le  Naour,  F.,  Labas,  V.,  Billard,  M.,  Le  Caer,  J.  P.,  Emile,  J.  F.,  Petit,  M.  A.,  Boucheix, 

C.,  and  Rubinstein,  E.  (2003)  Biochem  J  373(Pt  2),  409-421 

44.  Ryu,  F.,  Takahashi,  T.,  Nakamura,  K.,  Takahashi,  Y.,  Kobayashi,  T.,  Shida,  S.,  Kameyama,  T.,  and 
Mekada,  E.  (2000)  Cell  Struct  Funct  25(5),  317-327 

45.  Cook,  G.  A.,  Longhurst,  C.  M.,  Grgurevich,  S.,  Cholera,  S.,  Crossno,  J.  T.,  Jr.,  and  Jennings,  L.  K. 
(2002)  Blood  100(13),  4502-451 1 

46.  Berditchevski,  F.,  Gilbert,  E.,  Griffiths,  M.  R.,  Fitter,  S.,  Ashman,  L.,  and  Jenner,  S.  J.  (2001)  J  Biol 
Chem  276(44),  41165-41174 

47.  Yauch,  R.  L.,  Kazarov,  A.  R.,  Desai,  B.,  Lee,  R.  T.,  and  Hemler,  M.  E.  (2000)  J  Biol  Chem  275(13), 
9230-9238 

48.  Seigneuret,  M.,  Delaguillaumie,  A.,  Lagaudriere-Gesbert,  C.,  and  Conjeaud,  H.  (2001)  J  Biol  Chem 
276(43),  40055-40064 

49.  Knudsen,  B.  S.,  and  Miranti,  C.  K.  (2006)  J  Cell  Biochem  99(2),  345-361 

50.  Gmyrek,  G.  A.,  Walburg,  M.,  Webb,  C.  P.,  Yu,  H.  M.,  You,  X.,  Vaughan,  E.  D.,  Vande  Woude,  G.  F., 
and  Knudsen,  B.  S.  (2001)  Am  J  Pathol  159(2),  579-590. 


24 


This  report  contains  unpublished  data 


PI:  Miranti,  Cynthia  W81XWH-04- 1-0044 


51.  Knox,  J.  D.,  Cress,  A.  E.,  Clark,  V.,  Manriquez,  L.,  Affinito,  K.  S.,  Dalkin,  B.  L.,  and  Nagle,  R.  B. 
(1994)  Am  J  Pathol  145(1),  167-174 

52.  Edick,  M.  J.,  Tesfay,  L.,  Lamb,  L.  E.,  Knudsen,  B.  S.,  and  Miranti,  C.  K.  (2007)  Molecular  biology  of 
the  cell  18(7),  2481-2490 

53.  Yang,  X.,  Wei,  L.  L.,  Tang,  C.,  Slack,  R.,  Mueller,  S.,  and  Lippman,  M.  E.  (2001)  Cancer  Res  61(13), 
5284-5288 

54.  Dong,  J.  T.,  Lamb,  P.  W.,  Rinker-Schaeffer,  C.  W.,  Vukanovic,  J.,  Ichikawa,  T.,  Isaacs,  J.  T.,  and 
Barrett,  J.  C.  (1995)  Science  268(5212),  884-886. 

55.  Stephenson,  R.  A.,  Dinney,  C.  P.,  Gohji,  K.,  Ordonez,  N.  G.,  Killion,  J.  J.,  and  Fidler,  I.  J.  (1992)  J 
Natl  Cancer  Inst  84(1 2),  951-957 

56.  Rembrink,  K.,  Romijn,  J.  C.,  van  der  Kwast,  T.  H.,  Rubben,  H.,  and  Schroder,  F.  H.  (1997)  Prostate 
31(3),  168-174 

57.  Zhang,  Y.  W.,  Su,  Y.,  Lanning,  N.,  Gustafson,  M.,  Shinomiya,  N.,  Zhao,  P.,  Cao,  B.,  Tsarfaty,  G., 
Wang,  L.  M.,  Hay,  R.,  and  Vande  Woude,  G.  F.  (2005)  Oncogene  24(1),  101-106 

58.  Wang,  S.,  Gao,  J.,  Lei,  Q.,  Rozengurt,  N.,  Pritchard,  C.,  Jiao,  J.,  Thomas,  G.  V.,  Li,  G.,  Roy-Burman, 
P„  Nelson,  P.  S„  Liu,  X.,  and  Wu,  H.  (2003)  Cancer  Cell  4(3),  209-221 

59.  Ellwood-Yen,  K.,  Graeber,  T.  G.,  Wongvipat,  J.,  Iruela-Arispe,  M.  L.,  Zhang,  J.,  Matusik,  R.,  Thomas, 
G.  V.,  and  Sawyers,  C.  L.  (2003)  Cancer  Cell  4(3),  223-238 

60.  Di  Cristofano,  A.,  De  Acetis,  M.,  Koff,  A.,  Cordon-Cardo,  C.,  and  Pandolfi,  P.  P.  (2001)  Nat  Genet 
27(2),  222-224. 

61.  Wright,  M.  D.,  Geary,  S.  M.,  Fitter,  S.,  Moseley,  G.  W.,  Lau,  L.  M.,  Sheng,  K.  C.,  Apostolopoulos,  V., 
Stanley,  E.  G.,  Jackson,  D.  E.,  and  Ashman,  L.  K.  (2004)  Mol  Cell  Biol  24(13),  5978-5988 

62.  Kanetaka,  K.,  Sakamoto,  M.,  Yamamoto,  Y.,  Yamasaki,  S.,  Lanza,  F.,  Kanematsu,  T.,  and 
Hirohashi,  S.  (2001)  J  Hepatol  35(5),  637-642 

63.  Lee,  J.  H„  Park,  S.  R„  Chay,  K.  0.,  Seo,  Y.  W„  Kook,  H„  Ahn,  K.  Y„  Kim,  Y.  J.,  and  Kim,  K.  K. 
(2004)  Cancer  Res  64(12),  4235-4243 


APPENDIX 


Reprints 

Sridhar,  S.C.  and  Miranti,  C.K.  2006.  Tetraspanin  KAI1/CD82  suppresses  invasion  by  inhibiting 
integrin-dependent  crosstalk  with  c-Met  receptor  and  Src  kinases.  Oncogene,  25:2367-78. 

Knudsen,  B.S.  and  Miranti,  C.K.  2006.  The  impact  of  cell  adhesion  changes  on  proliferation 
and  survival  during  prostate  cancer  development  and  progression.  J.  Cell.  Biochem.,  99:345  - 
361. 

Edick,  M.J.,  Tesfay,  L.,  Lamb,  L.E.,  Knudsen,  B.S.,  and  Miranti,  C.K.  2006.  Inhibition  of  Integrin- 
Mediated  Crosstalk  with  EGFR/Erk  or  Src  Signaling  Pathways  in  Autophagic  Prostate  Epithelial 
Cells  Induces  Caspase-lndependent  Death.  Mol.  Biol.  Cell,  18:2481-90. 


Form  DD  882 


25 


Oncogene  (2006)  25,  2367-2378 

©  2006  Nature  Publishing  Group  All  rights  reserved  0950-9232/06  $30.00 


www.nature.com/onc 

ORIGINAL  ARTICLE 

Tetraspanin  KAI1/CD82  suppresses  invasion  by  inhibiting 
integrin-dependent  crosstalk  with  c-Met  receptor  and  Src  kinases 


SC  Sridhar  and  CK  Miranti 

Laboratory  of  Integrin  Signaling  and  Tumorigenesis,  Van  Andel  Research  Institute,  Grand  Rapids,  MI,  USA 


KAI1/CD82,  a  tetraspanin  protein,  was  first  identified  as 
a  metastasis  suppressor  in  prostate  cancer.  How  loss  of 
CD82  expression  promotes  cancer  metastasis  is  unknown. 
Restoration  of  CD82  expression  to  physioiogical  levels  in 
the  metastatic  prostate  cell  line  PC3  inhibits  integrin- 
mediated  cell  migration  and  invasion,  but  does  not  affect 
integrin  expression.  Integrin-dependent  activation  of  the 
receptor  kinase  c-Met  is  dramatically  reduced  in  CD82- 
expressing  cells,  as  is  c-Met  activation  by  its  ligand  HGF/ 
SF.  CD82  expression  also  reduced  integrin-induced 
activation  and  phosphorylation  of  the  cytoplasmic  tyrosine 
kinase  Src,  and  its  downstream  substrates  pl30Cas  and 
FAK  Y861.  Inhibition  of  c-Met  expression  or  Src  kinase 
function  reduced  matrigel  invasion  of  PC3  cells  to  the 
same  extent  as  CD82  expression.  These  data  indicate  that 
CD82  functions  to  suppress  integrin-induced  invasion  by 
regulating  signaling  to  c-Met  and  Src  kinases,  and 
suggests  that  CD82  loss  may  promote  metastasis  by 
removing  a  negative  regulator  of  c-Met  and  Src  signaling. 
Oncogene  (2006)  25,  2367-2378.  doi:  10. 1038/sj. one.  1209269; 
published  online  12  December  2005 
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Introduction 

KAI1/CD82  was  originally  identified  as  a  suppressor  of 
metastatic  spread  of  tumor  cells  in  a  rat  prostate  model 
(Dong  et  al.,  1995).  Numerous  subsequent  studies 
demonstrated  a  direct  correlation  with  loss  of  CD82 
expression  and  poor  prognosis  in  human  prostate  cancer 
(Dong  et  al.,  1996;  Sridhar  and  Miranti,  2005). 
Ubiquitous  expression  of  CD82  prompted  others  to 
explore  the  possibility  that  loss  of  expression  may  not  be 
limited  to  the  prostate.  Loss  or  low  expression  has  been 
shown  to  correlate  with  poor  prognosis  in  lung  (Adachi 
et  al.,  1996),  pancreatic  (Guo  et  a!.,  1996),  breast 
(Huang  et  al.,  1998),  bladder  (Yu  et  al.,  1997),  colon 
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(Lombardi  et  a!.,  1999),  esophageal  (Uchida  et  al.,  1999; 
Miyazaki  et  al.,  2000),  cervical  (Liu  et  al.,  2001),  ovarian 
(Liu  et  al.,  2000),  and  endometrial  (Wu  et  al.,  2003) 
cancers.  Downregulation  of  CD82  expression  has  also 
been  observed  in  many  metastatic  tumor  cell  lines 
(White  et  al.,  1998). 

KA11/CD82  belongs  to  the  transmembrane  4  super 
family  (TM4SF),  also  referred  to  as  tetraspanins 
(Sridhar  and  Miranti,  2005).  Tetraspanins  have  been 
implicated  in  the  regulation  of  cell  motility,  morphol¬ 
ogy,  fusion,  signaling,  fertilization,  and  differentiation 
(Maecker  et  al.,  1997;  Boucheix  and  Rubinstein,  2001; 
Hemler,  2001,  2003).  In  addition  to  CD82,  loss  of 
expression  of  tetraspanin  molecules  CD9  or  CD63  also 
correlates  with  poor  prognosis  and  increased  metastasis 
(Higashiyama  et  al.,  1995;  Radford  et  al.,  1995;  Boucheix 
et  al.,  2001).  Enhanced  expression  of  tetraspanins 
CD81  and  CD  151,  on  the  other  hand,  have  been  shown 
to  correlate  with  poor  prognosis  and  contribute  sig¬ 
nificantly  to  increased  cell  motility  and  metastasis 
(Testa  et  al.,  1999;  Owens  and  Watt,  2001;  Tokuhara 
et  al.,  2001).  Tetraspanins  lack  intrinsic  activity  and 
their  effects  are  mediated  by  protein  interactions. 
Several  different  proteins  have  been  shown  to  associate 
with  CD82  (Yunta  and  Lazo,  2003),  including  a3/?l, 
a4/ll ,  a5/?l,  and  a6/?l  integrins  (Berditchevski  and 
Odintsova,  1999;  Berditchevski,  2001;  Yunta  and  Lazo, 
2003);  the  serine/threonine  kinase  PKCa  (Berditchevski 
and  Odintsova,  1999;  Berditchevski,  2001;  Zhang  et  al., 

2001) ;  B-cell  receptors  CD4,  CD8,  and  CD19  (Imai 
et  al.,  1995;  Mannion  et  al.,  1996;  Hammond  et  al., 
1998);  other  tetraspanins  including  CD81,  CD63,  and 
CD9  (Vogt  et  al.,  2002);  receptor  tyrosine  kinases 
EGFR  and  ErbB2  (Odintsova  et  a!.,  2000,  2003);  an  Ig 
super  family  molecule  EW12  (Zhang  et  al.,  2003b);  and 
a  newly  identified  tetraspanin  molecule,  kitenin,  which  is 
expressed  in  gastric  cancers  (Lee  et  al.,  2004b). 

Integrins  are  heterodimeric  transmembrane  proteins 
that  link  the  extracellular  matrix  to  intracellular 
cytoskeletal  structures  and  signaling  molecules  (Miranti 
and  Brugge,  2002).  Changes  in  integrin  levels  have  been 
reported  to  occur  during  tumorigenesis  and  metastasis 
of  many  tumors  (Clezardin,  1998).  In  prostate  cancer, 
the  reported  changes  in  integrins  include  increased 
expression  levels  of  a3/ll  and  a6/(l  (Schmelz  et  al., 

2002) ,  loss  of  fS4  (Davis  et  al.,  2001),  and  a  decrease  in 
a5flc  (Perlino  et  al.,  2000)  and  a2/)l  integrins  (Dong 
et  al.,  1997).  Integrins  are  implicated  in  regulating 
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cellular  processes  such  as  adhesion,  signaling,  growth 
and  differentiation,  motility,  survival,  and  gene  expres¬ 
sion  (Miranti  and  Brugge,  2002).  Both  integrins  and 
receptor  tyrosine  kinases  are  involved  in  cell  migration 
and  metastasis.  Furthermore,  integrins  have  been  shown 
to  activate  several  receptor  tyrosine  kinases  in  a  ligand- 
independent  manner,  including  EGFR,  c-Met,  PDGFR, 
and  Ron  (Sundberg  and  Rubin,  1996;  Wang  et  al.,  1996, 
2001;  Moro  et  al.,  1998,  2002;  Danilkovitch-Miagkova 
et  al.,  2000;  Bill  et  al.,  2004).  Both  integrins  and  receptor 
tyrosine  kinases  can  interact  with  CD82  (Flemler,  1998; 
Odintsova  et  al.,  2000).  Therefore,  one  mechanism  by 
which  CD82  may  control  tumor  metastasis  is  by 
regulating  the  function  of  integrins  and  their  ability  to 
cooperate  with  receptor  tyrosine  kinases. 

CD82  has  been  demonstrated  to  regulate  the  activity 
of  the  receptor  tyrosine  kinase,  EGFR.  EGF-mediated 
signaling  and  wound  closure  were  shown  to  be 
attenuated  after  ectopic  expression  of  CD82  in  a  breast 
tumor  cell  line  (Odintsova  et  al.,  2000).  Accelerated 
endocytosis  of  the  EGFR-EGF  complex  was  suggested 
to  be  the  cause  for  signal  attenuation.  Unlike  breast 
cancer,  a  role  for  EGFR  family  members  in  prostate 
metastatic  disease  is  less  frequently  observed.  The 
tyrosine  kinase  receptor  for  hepatocyte  growth  factor/ 
scatter  factor  (HGF/SF),  c-Met,  on  the  other  hand,  has 
been  implicated  in  promoting  prostate  cancer  metasta¬ 
sis.  Overexpression  of  c-Met  has  been  detected  in 
prostate  cancer  and  is  associated  with  conversion  to 
androgen  independence  and  invasion  (Fixman  et  al., 
1995;  Humphrey  et  al.,  1995;  Maggiora  et  al.,  1997; 
Nakashiro  et  al.,  2003;  Knudsen  and  Edlund,  2004).  Src 
signaling  downstream  of  c-Met  may  regulate  tumor 
metastasis  through  regulation  of  migration  and  invasion 
(Ponzetto  et  al.,  1994;  Rahimi  et  al.,  1998;  Mora  et  al., 
2002;  Kim  et  al.,  2003).  Src  substrates  involved  in 
migration  and  invasion  include  focal  adhesion  kinase 
(FAK)  and  pl30Cas  (Cary  et  al.,  1998).  Inhibition  of 
pl30Cas-Crk  coupling  has  been  suggested  to  be 
required  for  CD82-mediated  inhibition  of  cell  migration 
in  CD82-expressing  DU145  cells  (Zhang  et  al.,  2003a). 
These  findings  suggest  that  integrin  and  receptor 
tyrosine  kinase  signalling  may  be  a  target  for  CD82. 

To  better  understand  how  CD82  is  involved  in 
regulating  integrin-  and  receptor  tyrosine  kinase- 
mediated  signaling,  we  have  re-expressed  CD82  in  a 
highly  invasive  prostate  cancer  cell  line  PC3.  We  have 
examined  CD82  regulation  of  integrin-mediated  activa¬ 
tion  of  c-Met  and  Src  family  kinases  and  the  down¬ 
stream  signaling  molecules  involved  in  migration, 
invasion,  and  metastasis.  These  studies  provide  a  better 
understanding  of  how  loss  of  CD82  promotes  prostate 
cancer  metastasis. 


Results 

CD82  expression  in  PC3  cells 

To  characterize  the  role  of  CD82  in  suppressing  tumor 
progression  and  metastasis,  PC3  cells  were  stably 


transfected  with  a  CD82  cDNA.  Vector-transfected 
stable  clones  were  generated  as  controls.  Figure  la 
shows  CD82  expression  in  the  lysates  from  parental  PC3 
cells,  seven  CD82  clones  (CL#  3,  6.  11,  12,  13,  14,  and 
29),  and  one  vector  clone  (5V)  after  immunoblotting 
with  anti-CD82  antibodies.  The  level  of  expression  of 
CD82  in  these  tumor  cell  clones  was  comparable  to  the 
level  of  expression  in  primary  prostate  epithelial  cells 
(PEC).  Surface  expression  of  CD82  was  confirmed  by 
FACS  analysis  (Figure  lb)  and  immunofluorescent 
staining  (Figure  lc). 


CD82  expression  reduces  migration  and  matrigel  invasion 
CD82  is  known  to  associate  with  a3#l  and  a6#l 
integrins  (Hernler,  1998;  Berditchevski  and  Odintsova, 
1999;  Ono  et  al.,  2000),  integrins  specifically  involved  in 
adhesion  to  laminin.  No  differences  in  adhesion  to 
laminin  (or  other  matrices)  between  the  vector-  and 
CD82-transfected  clones  was  observed  over  a  100-fold 
range  in  laminin  concentrations  (Figure  2a).  No  cells 
adhered  below  0. 1 56  /ig/ml  laminin  and  a  similar  small 
number  of  cells  (<  100)  adhered  to  0.31  /rg/ml  indepen¬ 
dent  of  CD82  expression.  Similar  results  were  obtained 
when  the  number  of  cells  adhering  over  time  was 
measured  (not  shown).  There  were  also  no  changes  in 
surface  expression  of  laminin-binding  integrins  a3  (not 
shown),  a6,  #4,  or  #1  on  any  of  eight  clones  tested,  as 
measured  by  FACS  or  biotin  labeling  (Figure  2b,  c). 
PC3  cells  are  elongated  and  spindle-shaped.  Expression 
of  CD82  resulted  in  rounder,  more  cuboidal-shaped  cells 
resembling  PECs  (data  not  shown).  PC3  cells  expressing 
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Figure  1  CD82  expression  in  PC3  cells,  (a)  Immunoblots  of 
lysates  from  primary  prostate  epithelial  cells  (PEC),  parental  PC3 
cells,  vector-transfected  cells  (5V),  and  CD82-expressing  PC3 
clones  (CL#  3,  6,  11-14,  and  29)  picked  after  stable  transfection 
with  CD82  cDNA  and  selection  in  2  /.ig/ml  puromycin.  (b)  Surface 
expression  of  CD82  in  vector  and  one  of  the  representative  CD82- 
expressing  clones  was  analysed  by  FACS  following  staining  with 
anti-CD82  antibodies  and  FITC-conjugated  secondary  antibody, 
(c)  Immunofluorescent  staining  of  vector-  or  CD82-transfected 
stable  clone  #29  (CL29)  adherent  to  collagen  with  anti-CD82 
antibodies  followed  by  staining  with  FITC-conjugated  secondary 
antibody  (green)  and  nuclear  counterstaining  with  Hoechst  33258 
(blue).  Vector-transfected  cells  have  no  detectable  CD82  expression 
(only  nuclei  are  visible),  while  CD82-transfected  cells  (green) 
express  CD82  in  the  membrane  and  cytoplasm  surrounding  the 
nuclei. 
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Figure  2  CD82  alters  PC3  cell  migration  and  invasion,  but  not  integrin  expression,  (a)  PC3  cells  expressing  CD82  (clone  6,  1 1,  or  14) 
or  vector  were  plated  in  triplicate  on  the  indicated  concentrations  of  laminin  for  45  min.  Nonadherent  cells  were  washed  away  and 
stained.  The  number  of  adherent  cells  was  counted  in  two  random  fields  per  well,  averaged,  and  the  standard  deviation  calculated. 
There  were  no  significant  differences  between  the  cell  lines,  (b)  PC3  cells  expressing  CD82  (cl29)  or  vector  growing  in  culture  was 
labeled  with  biotin  at  4°C.  Integrin  x6  was  immunoprecipitated  and  the  levels  of  biotin  labeling  were  monitored  by  blotting  with  anti- 
avidin.  Total  levels  of  protein  in  the  extracts  were  equal  as  indicated  by  immunoblotting  for  tubulin  (Tub  Blot).  Both  #1  and  y54 
integrins  were  detected  in  the  tz6  immunoprecipitates.  (c)  Cell  surface  expression  of  a6  and  fi  1  integrins  in  vector  and  three  CD82- 
expressing  PC3  clones  (CL#  6,  1 1 ,  29)  by  FACS,  (d)  PC3  cells  stably  transfected  with  vector  (PC3)  or  CD82  cDNA  along  with  primary 
prostate  epithelial  cells  (PEC)  were  analysed  for  their  ability  to  migrate  towards  collagen,  laminin,  or  fibronectin  in  8  /an  Boyden 
chambers  in  the  absence  of  growth  factors  or  serum.  Cells  passing  through  the  pores  were  stained  with  crystal  violet  and  counted, 
(e.  f)  CD82-expressing  PC3  clones  (CL#  3,  6,  14),  vector-transfected  cells  (Vec),  parental  cells  (PC3),  or  primary  cells  (PEC)  were  tested 
for  their  ability  to  invade  matrigel  through  8  /un  Boyden  chambers  to  laminin-coated  membranes.  Cells  that  invaded  and  passed 
through  the  membrane  were  stained,  photographed,  and  counted. 
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CD82  also  displayed  reduced  migration  towards  laminin 
and  collagen  (Figure  2d). 

The  ability  of  CD82-expressing  PC3  cells  to  invade 
matrigel  and  extrude  through  8  /tm-pored  membranes  as 


an  in  vitro  measurement  of  invasiveness  was  also  tested. 
Parental  or  PC3  cells  stably  transfected  with  vector,  but 
not  primary  cells  (PECs),  were  able  to  invade  the 
matrigel  in  the  absence  of  serum  or  growth  factors 
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(Figure  2e,  f).  All  clones  expressing  CD82,  however, 
demonstrated  a  dramatic  reduction  in  their  invasive 
ability.  These  experiments  clearly  indicate  that  CD82 
expression  not  only  reduces  migration  but  also  lowers  in 
vitro  invasiveness  in  this  highly  invasive  cell  line.  FACS 
analysis  indicated  there  were  also  no  changes  in  surface 
expression  of  other  integrins  including  a2,  a3,  or  a5  (not 
shown).  Therefore,  the  effects  of  CD82  expression  on 
cell  migration  and  invasion  is  likely  due  to  changes  in 
signaling  downstream  of  integrin-mediated  adhesion. 


CD82  regulates  integrin-  and  ligand-induced  activation  of 
c-Met 

One  mechanism  by  which  tetraspanins  may  control 
metastasis  is  by  regulating  the  function  of  tyrosine 
kinases  involved  in  cell  migration  and  metastasis.  To 
investigate  this  possibility,  c-Met  activation  upon 
integrin  and  ligand  stimulation  in  vector-  or  CD82- 
expressing  cells  was  monitored.  Adhesion  of  PC3  cells  to 
collagen,  laminin,  or  fibronectin,  in  the  absence  of 
exogenous  growth  factors  or  serum,  induced  tyrosine 
phosphorylation  of  c-Met.  CD82  expression  suppressed 
integrin-induced  c-Met  activation  in  all  CD82-expres- 
sing  PC3  clones  (Figure  3a). 

Vector-  and  CD82-transfected  clones  were  treated 
with  the  c-Met  ligand  FIGF/SF  at  different  concentra¬ 
tions  and  the  effect  on  ligand-induced  activation  of 
c-Met  was  monitored.  Fligher  concentrations  of  FLGF/SF 
were  required  in  the  CD82-expressing  cells  to  achieve 
the  same  level  of  c-Met  tyrosine  phosphorylation 
observed  at  lower  concentrations  with  vector  control 
cells  (Figure  3b).  These  results  indicate  that  CD82  can 
regulate  both  integrin-  and  ligand-mediated  activation 
of  c-Met  in  PC3  cells. 

CD82  does  not  appear  to  be  regulating  the  turnover 
of  c-Met  protein.  Total  protein  levels  of  c-Met,  as 
determined  by  immunoblotting,  were  relatively  un¬ 
changed.  Neither  were  there  any  differences  in  the  levels 
of  c-Met  protein  over  time  following  integrin-  or  ligand- 
induced  c-Met  activation  between  vector  and  CD82- 
expressing  cells  (see  Supplementary  data.  Figure  S2B). 
Furthermore,  no  significant  changes  in  cell  surface 
expression  of  c-Met  by  FACS  analysis  (Figure  S2A) 
were  detected.  Thus,  CD82  acts  to  suppress  the  extent  of 
c-Met  activation,  rather  than  affecting  the  overall  levels 
of  c-Met.  To  determine  if  c-Met  and  CD82  can  associate 
with  each  other,  their  ability  to  colocalize  within  cells 
was  assessed  by  immunostaining  and  confocal  micro¬ 
scopy.  We  were  unable  to  detect  colocalization  of  c-Met 
and  CD82  at  either  the  surface  or  within  the  cell 
(Figure  3c).  We  were  also  unable  to  detect  an  associa¬ 
tion  by  co-immunoprecipitation  (not  shown).  These 
data  suggest  that  CD82  affects  c-Met  activation  through 
an  indirect  mechanism. 
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Figure  3  CD82  regulates  integrin-  and  ligand-induced  activation 
of  c-Met.  (a)  PC3  clones  (CL#  3,  6,  12,  29)  stably  transfected  with 
CD82  or  vector  were  placed  in  suspension  (S)  or  plated  on  collagen 
(CL),  laminin  (LM),  or  fibronectin  (FN)  in  the  absence  of 
exogenous  growth  factors  or  serum  for  1  h.  (b)  PC3  cells  stably 
transfected  with  CD82  (CL  12)  or  vector  were  serum  starved  and 
then  stimulated  with  0,  10,  25,  50,  or  lOOng/ml  HGF/SF  for  5  min. 
(a,  b)  The  levels  of  c-Met  phosphorylation  were  measured  by 
immunoblotting  of  immunoprecipitates  with  anti-phosphotyrosine 
antibodies  (P-Tyr  Blot)  followed  by  probing  stripped  blots  with 
anti-Met  antibodies  (c-Met  Blot),  (c)  Immunostaining  of  CD82- 
expressing  cells  with  anti-c-Met  (green)  and  anti-CD82  (red) 
antibodies.  No  significant  colocalization  (merge)  was  detected. 


CD82  regulates  phosphorylation  of  Src  and  its  substrates 
FAK  and  p!30Cas 

Integrins  and  c-Met  regulate  cell  migration  and  invasion 
by  regulating  downstream  signaling  pathways  such 
as  Src,  PI-3K/Akt,  and  Ras/Erk.  Integrin-mediated 


adhesion  of  PC3  cells  does  not  lead  to  Erk  activation 
and  the  PI-3K  pathway  is  constitutively  activated  (see 
Supplementary  data,  Figure  S3A).  Furthermore,  re¬ 
expression  of  CD82  did  not  alter  signaling  to  Erk  or  to 
Akt  (Figure  S3B).  Both  integrins  and  c-Met  have  been 
shown  to  be  effective  in  activating  Src  (Rahimi  el  al.. 
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1998;  Nakaigawa  et  al .,  2000;  Sieg  et  al.,  2000;  Timpson 
et  al.,  2001;  Hauck  et  al.,  2002;  Hsia  et  al.,  2003;  Frame, 
2004;  Westhoff  et  al.,  2004;  Brunton  et  al.,  2005).  To 
determine  if  CD82  is  involved  in  signaling  to  Src,  we 
investigated  Src  activation  following  integrin  engage¬ 
ment  in  CD82-expressing  cells.  Src  phosphorylation  at 
the  activation  loop  Y418  was  monitored  by  immuno- 
blotting  with  a  phospho-specific  antibody.  Src  activation 
was  reduced  upon  integrin  engagement  in  CD82- 
expressing  cells  (Figure  4a).  To  further  support  these 
findings,  Src  substrates  implicated  in  cell  migration  and 
invasion,  FAK  and  pl30Cas,  were  monitored.  The  levels 
of  pl30Cas  protein  were  frequently  observed  to  decrease 
when  cells  were  placed  in  suspension  independent  of 
CD82  expression.  Nonetheless,  the  presence  of  CD82 
inhibited  tyrosine  phosphorylation  of  the  Src  substrate 
pl30Cas  (Figure  4b)  when  cells  were  replated  on  matrix. 
Expression  of  CD82  in  PC3  cells  also  reduced  integrin- 
induced  phosphorylation  at  the  Src-specific  phosphor¬ 
ylation  site  Y861  in  FAK,  but  not  Y397,  the  FAK 
autophosphorylation  site  (Figure  4c).  Primary  PEC 
express  significant  quantities  of  CD82  (Figure  la). 
Correspondingly,  there  is  reduced  integrin-dependent 
activation  of  Src  and  pl30Cas,  in  PECs  compared  to 
PC3  tumor  cells  (Figure  4a,  b).  Thus,  CD82  may  limit 
Src  signaling  in  normal  cells  and  its  loss  in  tumor  cells 
may  enhance  signaling  through  Src. 


Inhibition  of  Src  or  c-Met  blocks  invasion 
CD82  expression  in  PC3  cells  reduces  matrigel  invasion 
and  also  reduces  activation  of  c-Met  and  Src.  Therefore, 
we  tested  whether  c-Met  and  Src  are  also  required  for 
invasion.  Parental  or  vector  PC3  cells  were  pretreated 
with  the  Src  kinase-specific  inhibitor,  SU6656  (Blake 
et  al.,  2000),  and  their  ability  to  invade  matrigel  was 
monitored.  Inhibition  of  Src  activity  blocked  invasion  to 
the  same  extent  as  CD82  expression  (Figure  5a,  b). 
Furthermore,  treatment  of  CD82-expressing  cells  with 
SU6656  did  not  further  inhibit  invasion,  indicating  that 
the  level  of  Src  suppression  achieved  by  CD82  expres¬ 
sion  was  equivalent  to  that  obtained  by  directly 
inhibiting  Src  kinases. 

The  lack  of  available  specific  pharmacological  in¬ 
hibitors  of  c-Met  prompted  the  use  of  siRNA  strategies 
to  inhibit  c-Met  activity  in  tumor  cells.  Infection  of  PC3, 
DU145,  or  primary  cells  with  c-Met  shRNA  containing 
adenoviruses  at  an  m.o.i.  of  100  resulted  in  nearly 
complete  suppression  of  c-Met  expression  within  2-3 
days  (Figure  5c).  PC3  cells  expressing  c-Met  si-hMet- 
Ad221  displayed  a  reduced  level  of  matrigel  invasion 
(Figure  5d,e);  the  levels  were  similar  to  that  observed 
with  the  Src  inhibitor.  Similar  results  were  obtained 
using  another  c-Met  shRNA,  si-mMet-Ad178  (not 
shown).  Thus,  both  Src  and  c-Met  contribute  to  the 
invasive  phenotype  of  PC3  cells,  both  of  which  are 
suppressed  by  CD82. 


CD82  separately  suppresses  c-Met  and  Src  signaling 
Inhibition  of  Src  or  c-Met  signaling  by  CD82,  to 
suppress  invasion,  could  be  due  to  two  separate 
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Figure  4  CD82  regulates  phosphorylation  of  Src  and  its  substrates 
FAK  and  pl30Cas.  Vector  or  CD82  stably  transfected  PC3  clones 
(CL#  3,  6  29),  parental  PC3  cells  (PC3),  or  primary  cells  (PEC) 
were  placed  in  suspension  (S)  or  plated  on  collagen  (CL),  laminin 
(LM),  or  fibronectin  (FN).  After  1  h,  the  levels  of  (a)  Src  Y418, 
(b)  pl30Cas,  (c)  FAK  Y861  or  FAK  Y397  phosphorylation  was 
measured  by  immunoblotting  of  immunoprecipitates  with  respec¬ 
tive  phospho-specific  or  anti-phosphotyrosine  antibodies  (P-Y418, 
P-Tyr,  P-Y861,  or  P-Y397  Blots).  Total  levels  of  protein  in  the 
immunoprecipitates  were  measured  by  immunoblotting  of  stripped 
blots  with  respective  antibodies  (Src,  Cas,  and  FAK  Blots). 


signaling  events,  or  Src  and  c-Met  could  be  influencing 
the  others  activity.  Integrin-mediated  activation  of 
EGFR  and  Ron  (a  close  relative  to  c-Met)  has  been 
shown  to  be  dependent  on  Src  activation  (Danilkovitch- 
Miagkova  et  al.,  2000;  Moro  et  al.,  2002).  Whether 
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Figure  5  Inhibition  of  Src  or  c-Met  blocks  invasion,  (a)  Parental  (PC3),  vector,  or  CD82  stably  transfected  clones  were  untreated 
(DMSO)  or  treated  with  2  /jM  of  the  Src  inhibitor  SU6656  and  monitored  for  invasion  through  a  matrigel.  Cells  that  invade  through 
ihe  matrigel  and  pass  through  the  8  /im  pores  were  stained  with  crystal  violet,  photographed,  and  counted,  (b)  Quantification  of 
Src-mediated  invasion,  (c)  PC3,  DU145,  or  primary  prostate  epithelial  cells  (PEC)  were  infected  with  control  (Adi)  or  c-Met  shRNA 
si-hMet-Ad”1  Adenovirus  (Ad9).  After  3  days,  the  levels  of  c-Met  expression  were  monitored  by  immunoblotting.  (d)  Control  or  c-Met 
shRNA-infected  PC3  cells  were  tested  for  their  ability  to  invade  matrigel  as  described  in  (a),  (e)  Quantification  of  c-Met-mediated  cell 
invasion. 


c-Met  activation  might  be  involved  in  regulating 
integrin-mediated  activation  of  Src  is  unknown.  To  test 
these  models,  Src  activation  was  blocked  with  2  pM 
SU6656  (Blake  et  al.,  2000)  and  the  effect  on  c-Met 
activation  following  integrin  engagement  was  moni¬ 
tored.  Blocking  Src  did  not  change  integrin-mediated 
c-Met  activation,  but  did  block  integrin-induced  pl30Cas 
phosphorylation  (a  Src  substrate)  (Figure  6a,  b).  Inhibi¬ 
tion  of  c-Met  by  si-hMet-Ad221  or  si-mMet-Ad178 
expression  did  not  block  integrin-mediated  activation 
of  Src,  as  measured  by  phosphorylation  at  Y418 
(Figure  6c).  Thus,  integrin-mediated  activation  of  Src 
and  c-Met  in  PC3  cells  are  independent  events. 
However,  both  are  required  for  matrigel  invasion 
(Figure  5). 


Overexpression  of  c-Met  induces  invasion 
To  determine  if  CD82  expression  in  another  prostate 
tumor  cell  line  can  also  suppress  c-Met  activation,  we 
selected  stable  CD82  transfectants  of  DU  145  cells 
(Figure  7b).  Surprisingly,  c-Met  was  not  activated  in 
DU  145  cells  by  plating  on  matrix  (Figure  7a).  Immuno¬ 
blotting  indicated  that  the  levels  of  c-Met  expression  in 
DU  145  cells  are  greatly  reduced  compared  to  normal 
PECs  or  PC3  cells  (Figure  5c).  Correspondingly,  DU145 
cells,  unlike  PC3  cells,  failed  to  invade  matrigel  in  the 
absence  of  serum  or  growth  factors  (Figure  7c,  d). 


Treatment  with  HGF  was  sufficient  to  promote  DU  145 
invasion,  but  did  not  increase  PC3  cell  matrigel 
invasion.  To  better  understand  CD82  regulation  of 
c-Met,  we  overexpressed  c-Met  in  DU  145  cells  and  in 
CD82-expressing  DU145  cells  (Figure  7b).  Expression 
of  c-Met  in  DU  145  cells  was  sufficient  to  permit  matrigel 
invasion  in  the  absence  of  HGF  (Figure  7a).  Expression 
of  CD82  suppressed  HGF-induced  invasion  at  low 
concentrations  of  HGF.  High  concentrations  of  HGF 
overcame  the  inhibitory  effects  of  CD82  expression. 
Thus,  CD82  affects  the  relative  sensitivity  of  signaling 
through  c-Met. 


Discussion 

The  results  from  this  study  indicate  that  re-expression  of 
CD82  in  a  highly  invasive  metastatic  prostate  cancer  cell 
line,  PC3,  suppresses  (1)  cell  migration  on  laminin  and 
collagen,  (2)  both  integrin-  and  ligand-induced  activa¬ 
tion  of  c-Met,  (3)  integrin-mediated  activation  of  Src 
and  two  of  its  downstream  substrates  pl30Cas  and 
FAK  Y861,  and  (4)  both  integrin-  and  HGF-mediated 
invasion  of  laminin-rich  matrigel.  Furthermore,  inhibi¬ 
tion  of  Src  or  c-Met  function  reduced  integrin-mediated 
invasion  to  the  same  extent  as  CD82  expression. 
Overexpression  of  c-Met  was  sufficient  to  induce 
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Figure  6  CD82  suppresses  c-Met  and  Src  signaling  independently, 
(a)  Parental  PC3  cells  were  untreated  (DMSO)  or  treated  with  the 
2/fM  of  the  Src  inhibitor  SU6656.  Cells  were  then  placed  in 
suspension  (S)  or  plated  on  collagen  (CL),  laminin  (LM),  or 
fibronectin  (FN).  The  levels  of  c-Met  activation  were  measured  by 
immunoblotting  of  c-Met  immunoprecipitates  with  anti-phospho- 
tyrosine  antibodies  (P-Tyr  Blot),  (b)  The  levels  of  pl30Cas  tyrosine 
phosphorylation  were  measured  by  immunoblotting  of  immuno¬ 
precipitates  (P-Tyr  Blot).  Total  levels  of  c-Met  and  Cas  in  the 
immunoprecipitates  were  monitored  by  immunoblotting  of 
stripped  blots  with  respective  antibodies  (c-Met,  Cas  Blots), 
(c)  PC3  cells  were  infected  at  an  m.o.i.  of  100  with  empty  virus 
(Adi)  or  two  c-Met  shRNAs,  si-mMet-Ad175  (Ad5)  or  si-hMet-Ad221 
(Ad9).  The  cells  were  plated  on  laminin  (LM)  and  the  levels  of  Src 
activation  (P-Y418  Blot)  in  immunoprecipitates  were  analysed  by 
immunoblotting  with  anti-Src  Y418-phospho-specific  antibodies, 
respectively.  Total  levels  of  Src  in  the  immunoprecipitates  were 
monitored  by  immunoblotting  with  anti-Src  antibodies  (Src  Blot). 


HGF-independent  invasion  and  CD82  expression  sup¬ 
pressed  c-Met-mediated  invasion.  Based  on  these 
results,  we  propose  a  model  whereby  CD82  functions 
to  suppress  integrin-induced  invasion  by  regulating 
c-Met  and  Src  kinases  (Figure  8).  These  data  suggest 
that  loss  of  CD82  expression  in  prostate  tumors  promotes 
metastasis  by  permitting  more  efficient  activation  of  Src 
and  c-Met  by  both  integrins  and  ligand. 

CD82,  like  other  tetraspanins,  has  been  reported  to 
associate  with  several  integrins,  namely  a3/?l,  c/.4[i\, 
a5/il,  and  a6/?l  (Berditchevski  and  Odintsova,  1999; 
Berditchevski,  2001;  Yunta  and  Lazo,  2003).  Previous 
studies  have  shown  that  the  role  of  tetraspanins  is  not  to 
regulate  integrin  expression,  but  to  modulate  integrin 
function  and  as  such  have  been  termed  ‘molecular 
facilitators’  (Maecker  et  al.,  1997;  Hemler,  2001). 
However,  a  few  papers  have  suggested  that  CD82  can 
regulate  cell  adhesion  to  fibronectin  (Takaoka  et  al., 
1998;  Liu  et  al.,  2003)  or  laminin  (He  et  al.,  2005).  In  one 
report,  CD82  expression  was  found  to  downregulate  the 
expression  of  a6  integrin  in  DU145  cells  (He  et  al., 
2005).  We  monitored  the  cell  surface  expression  of 
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Figure  7  CD82  regulates  HGF-mediated  invasion,  (a)  DU145 
cells  stably  transfected  with  CD82  (CL#  8)  or  vector  were  placed  in 
suspension  (S)  or  plated  on  collagen  (CL),  laminin  (LM),  or 
fibronectin  (FN).  After  1  h,  the  levels  of  c-Met  tyrosine  phosphor¬ 
ylation  were  measured  by  immunoblotting  of  immunoprecipitates 
with  anti-phosphotyrosine  antibodies  (P-Tyr  Blot).  Total  levels  of 
protein  in  the  immunoprecipitates  were  measured  by  immunoblot¬ 
ting  of  stripped  blots  with  anti-c-Met  antibodies  (c-Met  Blot), 
(b)  Parental  DU  145  cells  (Du)  or  CD82-expressing  cells  (CL8)  were 
stably  transfected  with  human  c-Met  cDNA.  The  levels  of  c-Met  (c- 
Met  Blot)  in  DU145  cells  (Du),  DU145  c-Met  clones  (23,  17),  and 
CD82  CL8  clones  (9,  11)  and  the  levels  of  CD82  (CD82  Blot)  in 
CL8,  CL8  clones  (7,  9,  11),  and  vector-transfected  cells  (DuV)  were 
monitored  by  immunoblotting.  (c)  PC3  clones  (cl  11,  cl29)  stably 
transfected  with  CD82  or  vector  (5V)  were  tested  for  (heir  ability  to 
invade  matrigel  through  8  /im  Boyden  chambers  to  a  laminin- 
coated  membrane  in  the  absence  (HGF— )  or  presence  of  25ng/ml 
HGF.  Cells  that  invaded  and  passed  through  the  membrane  were 
stained  and  counted,  (d)  Parental  DU145  cells  (DU145)  or  DU145 
cells  over  expressing  c-Met  (DU  +  met),  CD82  (DUcl8),  or  both 
c-Met  and  CD82  (DUcl8  +  met)  were  allowed  to  invade  matrigel  in 
the  absence  (FIGF— )  or  presence  of  25  or  lOOng/ml  F1GF.  Cells 
that  invaded  were  stained  and  counted. 


several  different  integrins  in  parental,  vector,  and  eight 
different  clones  of  CD82-expressing  PC3  cells.  We  used 
two  different  methods,  FACS  and  surface  biotinylation, 
two  different  a6  antibodies,  and  two  different  condi¬ 
tions,  serum  starved  or  adherent  to  laminin.  We  found 
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Figure  8  Model  for  CD82  regulation  of  invasion.  CD82  functions 
to  limit  both  integrin  and  ligand-induced  activation  of  the  receptor 
tyrosine  kinase  c-Met.  Therefore,  it  is  predicted  that  loss  of  CD82 
during  late-stage  tumorigenesis  permits  increased  activation  of 
c-Met  through  both  integrin  and  ligand.  CD82  also  independently 
decreases  integrin-induced  Src  activation.  Concurrently,  increased 
signaling  through  Src  leads  to  increased  activation  of  downstream 
substrates,  pl30Cas  and  FAK,  which  regulate  cell  migration  and 
invasion.  The  mechanism  by  which  c-Met  enhances  invasion  is  not 
known. 


no  differences  in  integrin  expression,  not  even  with  a6. 
We  also  did  not  observe  any  differences  in  the  ability  of 
the  cells  to  adhere  to  different  matrices  including 
laminin.  This  discrepancy  could  be  due  to  differences 
in  cell  lines.  In  our  hands,  DU  145  cells  adhere  poorly  to 
laminin  and  the  levels  of  a6  integrin  are  much  lower 
than  in  PC3  cells  (see  Supplementary  data.  Figure  SI). 
DU  145  cells  also  did  not  invade  laminin-containing 
matrigel  in  the  absence  of  serum  or  growth  factors,  but 
PC3  cells  did.  Another  possibility  is  that  the  level  of 
CD82  expression  could  vary  between  these  studies.  We 
selected  clones  that  expressed  similar  or  lower  levels  of 
CD82  than  normal  primary  PEC.  Overexpression  of 
CD82  can  lead  to  apoptosis  (Schoenfeld  et  al.,  2004). 
Thus  our  data  indicate  that  in  highly  invasive  cells  that 
adhere,  migrate,  and  invade  well  on  laminin,  CD82 
expression  does  not  change  integrin  expression,  but 
rather  acts  downstream  of  integrin  engagement. 

c-Met,  the  receptor  for  HGF/SF,  is  known  to  regulate 
migration  and  invasion  and  has  been  implicated  in 
promoting  metastasis  in  many  different  kinds  of  cancers 
(Pisters  et  al .,  1995;  Birchmeier  et  al. ,  1997,  2003;  Wang 
et  al.,  2001),  including  prostate  cancer  (Humphrey  et  al., 
1995;  Nishimura  et  al.,  1998;  Knudsen  et  al.,  2002; 
van  Leenders  et  al.,  2002;  Nakashiro  et  al.,  2003; 
Knudsen  and  Edlund,  2004).  Previous  studies  in  a 
mammary  tumor  cell  line  demonstrated  that  CD82 
expression  attenuated  EGF-mediated  EGFR  signaling 
and  reduced  migration  (Odintsova  et  al.,  2000).  In  PC3 
or  DU  145  cells,  we  did  not  observe  significant  changes 


in  integrin-induced  activation  of  EGFR  or  EGFR  levels 
due  to  CD82  expression  (not  shown).  We  have  not 
measured  the  response  of  EGFR  to  EGF.  We  did  observe 
a  decrease  in  both  integrin-  and  ligand-induced  c-Met 
activation  when  CD82  is  expressed,  but  neither  resulted 
in  a  change  in  overall  c-Met  levels.  These  data  suggest 
that  there  may  be  a  fundamental  difference  between  how 
EGFR  and  c-Met  are  regulated  or  that  these  cell  types 
behave  differently.  In  prostate  cancer,  c-Met,  rather 
than  EGFR  or  ErbB,  has  been  the  tyrosine  kinase 
receptor  implicated  in  metastasis  (Humphrey  et  al., 
1995;  Pisters  et  al.,  1995;  Nishimura  et  al.,  1998; 
Knudsen  et  al.,  2002;  van  Leenders  et  al.,  2002; 
Nakashiro  et  al.,  2003;  Knudsen  and  Edlund,  2004). 
The  role  of  EGFR/Erb2  in  prostate  cancer,  unlike 
breast  cancer,  remains  controversial  (Maygarden  et  al., 
1992;  De  Miguel  et  al.,  1999;  Skacel  et  al.,  2001;  Di 
Lorenzo  et  al.,  2002).  Thus,  CD82  may  regulate 
different  receptors  in  different  cell  or  tumor  types. 

Previous  studies  have  suggested  that  c-Met  and 
laminin  integrins  may  interact  to  regulate  invasion 
(Trusolino  et  al.,  2001;  Chung  et  al.,  2004).  Our  studies 
found  that  PC3  cells  express  higher  levels  of  c-Met 
relative  to  DU  145  cells  and  integrins  were  incapable  of 
activating  c-Met  in  DU145  cells.  Consequently,  in  our 
assays,  DU  145  cells  failed  to  invade  through  matrigel  in 
the  absence  of  serum  or  growth  factors.  However,  we 
and  others  have  demonstrated  that  DU145  cells  will 
invade  matrigel  if  HGF/SF  is  present  (Nishimura  et  al., 
1998,  1999;  Davies  et  al.,  2004).  CD82  expression  in 
DU  145  cells  was  able  to  suppress  HGF-mediated 
invasion.  Low  concentrations  of  HGF  were  not 
sufficient  to  overcome  the  effects  of  CD82.  However, 
high  concentrations  of  HGF  reversed  CD82-mediated 
suppression  of  invasion.  Furthermore,  overexpression  of 
c-Met  was  sufficient  to  promote  ligand-independent, 
integrin-mediated  invasion  of  matrigel.  These  data 
strongly  support  the  role  of  CD82  in  regulating  c-Met 
activation. 

Signaling  through  Src  has  been  proposed  to  be 
involved  in  regulating  cell  migration  and  invasion  by 
integrins  (Sieg  et  al.,  2000;  Hauck  et  al.,  2002;  Hsia 
et  al.,  2003;  Frame,  2004;  Westhoff  et  al.,  2004;  Brunton 
et  al.,  2005).  Two  downstream  targets  of  Src,  FAK  and 
pl30Cas,  have  been  proposed  to  be  required  for 
integrin-mediated  migration  (Vuori  et  al.,  1996;  Klemke 
et  al.,  1998;  Hauck  et  al.,  2002).  Our  studies  indicate  that 
expression  of  CD82  in  PC3  cells  downregulates  this 
pathway.  A  similar  study  in  DU  145  cells  indicated  that 
CD82  expression  also  modified  this  pathway,  but 
through  a  different  mechanism  (Zhang  et  al.,  2003a). 
While  we  observe  a  direct  affect  on  Src  signaling  and  its 
ability  to  efficiently  phosphorylate  down  stream  sub¬ 
strates,  the  study  of  Zhang  et  al.  demonstrated  no 
involvement  of  Src  kinase  activity,  but  rather  a  loss  in 
pl30Cas  expression.  These  differences  could  be  due  to 
differences  in  cell  lines,  the  integrins  expressed,  and  the 
mechanisms  they  use  to  regulate  cell  movement.  This 
may  also  reflect  a  difference  in  signaling  pathways 
involved  in  regulating  haptotactic  migration  on  a  two- 
dimensional  surface  versus  the  capacity  to  migrate  and 
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invade  in  a  three-dimensional  network.  Our  studies  have 
clearly  demonstrated  that  Src  is  required  for  invasion 
and  that  CD82  suppresses  both  Src  and  invasion. 
Interestingly,  expression  of  CD82  was  not  sufficient  to 
completely  block  invasion  (not  to  the  level  seen  in 
normal  cells),  and  neither  was  suppression  of  Src.  In 
fact,  inhibition  of  Src  in  the  presence  of  CD82  did  not 
further  suppress  invasion.  These  data  indicate  that  other 
signaling  events  not  involved  in  this  pathway  are  also 
involved  in  regulating  invasion.  PC3  cells  harbor  a 
pTEN  mutation  which  results  in  increased  signaling 
through  the  PI-3K  and  Akt  pathway.  This  pathway  has 
also  been  linked  to  increased  invasion  (Tamura  et  al., 
1999;  Brader  and  Eccles,  2004).  However,  expression  of 
CD82  failed  to  inhibit  this  signaling  pathway,  suggesting 
the  possibility  that  this  may  be  a  non-CD82-regulated 
invasion  pathway. 

Our  data  support  recent  evidence  for  the  existence  of 
crosstalk  between  integrins  and  c-Met  (Wang  et  al., 
1996,  2001;  Trusolino  et  al.,  2001).  Our  data  further 
suggest  that  CD82  may  be  regulating  this  crosstalk.  The 
mechanism  by  which  integrins  activate  receptor  tyrosine 
kinases  has  not  been  completely  resolved.  One  model 
proposes  that  Src  activation  by  integrins  leads  to 
phosphorylation  of  the  receptor  cytoplasmic  domain 
(Danilkovitch-Miagkova  et  al.,  2000;  Moro  et  al.,  2002); 
however,  this  is  not  always  the  case  (Bill  et  al.,  2004).  In 
PC3  cells,  integrin-mediated  activation  of  c-Met  was  not 
dependent  on  Src  activity.  Prior  studies  indicate  that 
ligand-independent  activation  of  receptor  kinases  is 
required  for  signaling  downstream  of  integrins  (Moro 
et  al.,  1998;  Bill  et  al.,  2004).  However,  we  found  that 
inhibition  of  c-Met  had  no  effect  on  integrin-induced  Src 
activation  per  se.  We  cannot  rule  out  the  possibility  that 
c-Met  could  regulate  Src  activity  indirectly  by  affecting 
its  localization  or  ability  to  target  downstream  sub¬ 
strates. 

Previous  studies  have  suggested  that  CD82  may  act 
positively  to  activate  signaling  to  Src  and  FAK 
(Lagaudriere-Gesbert  et  al.,  1998;  Berditchevski  and 
Odintsova,  1999;  Jee  et  al.,  2003).  In  T  cells,  anti-CD82 
antibodies  were  shown  to  activate  p561ck,  a  member  of 
Src  kinase  family;  however,  this  was  only  observed  in 
the  context  of  costimulation  of  the  T-cell  receptor  and 
was  not  observed  upon  cell  adhesion  to  anti-CD82 
antibodies  (Lagaudriere-Gesbert  et  al.,  1998).  In  CD82- 
transfected  DU145  cells,  anti-CD82  antibody  enhanced 
Src  kinase  activity  in  cell-cell  aggregates  in  suspension 
independently  of  integrins  (Jee  et  al.,  2003).  However, 
these  two  examples  do  not  address  the  same  biological 
question;  what  is  the  role  of  CD82  in  regulating  integrin 
functions.  On  the  other  hand,  clustering  of  CD82  in 
MDA-MB-231  breast  cancer  cells  attached  to  collagen 
was  shown  to  enhance  tyrosine  phosphorylation  of 
FAK  (Berditchevski  and  Odintsova,  1999).  When  we 
replicated  this  assay  in  PC3  cells  expressing  CD82,  we 
did  not  observe  any  enhancement  of  c-Met,  pl30Cas, 
Src,  or  FAK  activation  (not  shown).  Enhancement  of 
Src  or  FAK  activity  was  also  not  observed  in  CD82- 
transfected  DU145  cells  upon  integrin  engagement 
(Zhang  et  al.,  2003a). 


Both  c-Met  and  Src  are  required  for  invasion  and 
CD82  blocks  c-Met,  Src,  and  invasion.  These  data 
indicate  that  loss  of  CD82  likely  increases  signaling 
through  c-Met  and  Src  to  promote  increased  invasion 
and  metastasis  in  vivo.  This  has  important  implications 
for  therapeutic  targeting.  Replacement  of  genes  to 
restore  expression  is  much  more  difficult  than  inhibiting 
the  activity  of  active  genes.  Therefore,  these  findings 
indicate  that  targeting  of  c-Met  and/or  Src  therapeuti¬ 
cally  could  result  in  reduced  metastasis  by  suppressing 
the  same  pathway  that  KAI1/CD82  normally  acts  to 
suppress. 


Antibodies 

Antibodies  against  c-Met  for  immunoprecipitation  (Met-Dl) 
and  for  surface  expression  (Met-3)  were  obtained  from 
Dr  Brian  Cao  at  the  monoclonal  antibody  core  facility  at  the 
Van  Andel  Institute  (Hay  et  al.,  2003).  TS82b,  antibody  to  CD82 
used  for  immunoblotting,  was  a  generous  gift  from  Dr  Eric 
Rubinstein  (INSERM,  Villejiuf,  France).  The  CD82  antibody 
used  for  immunostaining  and  FACS  (BD-CD82)  and  anti-a6 
integrin  antibodies  were  purchased  from  BD-Pharmingen.  The 
monoclonal  anti-Src  antibody  327  has  been  described  pre¬ 
viously  (Lipsich  et  al.,  1983).  The  anti-phosphotyrosine 
monoclonal  antibody  4G10  was  provided  by  Tom  Roberts 
(Dana  Faber  Cancer  Institute,  Boston,  MA,  USA).  Phospho- 
specific  antibodies  against  Erkl/2  (T202/Y204)  and  Akt  (S473) 
were  from  Cell  Signaling  (NEN).  Total  Erk  antibody  was  from 
Transduction  Labs  and  total  Akt  antibody  was  described 
previously  (Bill  et  al.,  2004).  Anti-phosphotyrosine  antibodies 
specific  to  Src  pY418,  FAK  pY397,  and  FAK  pY861  were  from 
Biosource  International  Inc.  c-Met  antibodies  for  immunos¬ 
taining  and  FAK  antibodies  used  for  immunoprecipitation 
were  from  Santa  Cruz  Biotechnology  and  antibodies  to  the 
C-terminal  end  of  FAK  (FRNK)  has  been  described  elsewhere 
(Bill  et  al.,  2004).  Antibodies  to  pl30Cas  were  purchased  from 
BD  Transduction  labs.  Anti-integrin  antibodies  a 3  and  j}4 
were  from  Chemicon,  and  antibodies  to  /?  1  (AIIB2)  were  from 
the  Iowa  Hybridoma  Bank  (Ames,  IA). 

Cell  culture  and  transfections 

Primary  PEC  were  obtained  from  Dr  Beatrice  Knudsen,  Fred 
Hutchinson  Cancer  Research  Center,  and  cultured  as  pre¬ 
viously  described  (Gmyrek,  2001).  PC3  and  DU145  cells  were 
obtained  from  American  Type  Culture  Collection  (ATCC). 
PC3  cells  were  maintained  in  F12K  medium  (Invitrogen)  and 
DU  145  cells  were  maintained  in  DMEM  (Invitrogen).  Both 
media  were  supplemented  with  10%  fetal  bovine  serum 
(Gibco),  2mM  glutamine,  and  50  U  of  penicillin  and  50)(g  of 
streptomycin/ml.  PC3  or  DU  145  cells  were  transfected  with  a 
plasmid  construct  pCDNA3.1(PAL)N-flag.CD82,  obtained 
from  Dr  Kurt  Cannon,  Yale  University  (Cannon  and 
Cresswell,  2001).  DU145  or  PC3  cells  at  106  cells  per  10-cm 
diameter  plate  were  transfected  with  10 /(g  of  total  DNA  (1  /(g 
of  CD82  or  1  /(g  of  vector  plus  9  /(g  pBluescript  DNA)  using 
LT1  lipid  as  described  by  the  manufacturer  (Pan-Vera).  At  6h 
following  transfection,  the  culture  media  were  changed  to 
regular  F12K  medium  with  supplements  and  replaced  48  h 
later  with  the  same  culture  medium  containing  puromycin 
(2  jUg/ml).  Puromycin-resistant  clones  were  picked  10  days  later 
and  screened  for  CD82  expression  by  immunoblotting  with 
TS82b  antibodies.  CD82-expressing  clones  were  maintained  in 
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growth  medium  containing  puromycin  and  used  in  assays 
described  below.  DU  145  or  CD82-expressing  DU  145  cells 
were  transfected  as  above  with  1  /(g  of  plasmid  pCMVc-hMet 
plasmid  (Rong  et  al.,  1992),  1  /rg  pSV-neo  plasmid,  and  8  pg 
pBluescript  DNA.  Cells  were  selected  in  1  mg/ml  G418,  and 
neomycin-resistant  clones  were  selected  and  screened  for  both 
CD82  and  c-Met  expression.  For  ligand  stimulation  of  c-Met, 
cells  were  serum  starved  overnight  and  then  treated  for 
5-10  min  with  increasing  concentrations  of  HGF/SF 
(Calbiochem)  prior  to  lysis. 

Adhesion  to  matrix 

Adhesion  to  extracellular  matrices  was  routinely  performed  as 
described  by  Miranti  (2002).  Briefly,  cells  were  serum  starved 
18-24h,  trypsinized,  and  placed  in  suspension  for  30  min.  Cells 
were  placed  on  plates  coated  with  10  /(g/ml  of  Collagen  I  (rat 
tail,  BD  Biosciences),  Laminin  (mouse,  Invitrogen),  or 
Fibronectin  (BD  Biosciences).  A  suspension  control  was 
maintained  at  37°C.  After  45-60  min  when  the  cells  begin  to 
adhere  and  spread,  the  cells  were  subjected  to  lysis  with  RIPA 
buffer  (lOmM  Tris  (pH  7.2),  158mM  NaCl,  1  mM  EDTA, 
0. 1  %  sodium  dodecyl  sulfate  (SDS),  1  %  sodium  deoxycholate, 
1%  Triton  X-100,  1  mM  Na3V04,  1  mM  phenylmethyl  sulfonyl 
fluoride  (PMSF),  5  /( g  of  aprotinin/ml,  5  /rg  of  pepstatin/ml, 
5  /rg  of  leupeptin/ml,  and  1  pM  benzamide).  Suspension 
samples  were  subjected  to  lysis  at  the  same  time.  After  lysis, 
adherent  and  suspension  samples  were  passed  through  a  27 
gauge  needle.  All  lysed  samples  were  subjected  to  centrifuga¬ 
tion  at  13  000g  for  10  min. 

For  Src  inhibition  studies,  PC3  cells  were  pretreated  with 
DMSO  or  2  pM  SU6656  (Calbiochem)  during  the  last  6  h  of  the 
24  h  starvation  phase  and  maintained  during  adhesion  to 
matrices. 

Adhesion  assay 

Vector  and  CD82-expressing  PC3  cells  were  starved  and  placed 
in  suspension  as  outlined  above.  96-well  plates  were  coated 
with  serial  dilutions  of  laminin  in  triplicate  from  10  to 
0.078 /(g/ml.  Cells  were  allowed  to  adhere  for  45  min. 
Nonadherent  cells  were  removed  by  washing  with  PBS  and 
cells  were  fixed  and  stained  with  0.09%  crystal  violet  stain 
(Chemicon)  for  10  min.  Alternatively,  cells  were  allowed  to 
adhere  to  96  wells  coated  with  10/rg/ml  laminin  for  various 
times,  ranging  from  10  min  to  1  h.  The  number  of  cells  in  two 
random  microscopic  fields  per  well  were  photographed  and 
counted. 

Immunoprecipitation  and  immunoblotting 
Protein  concentrations  of  the  samples  were  determined  using 
the  bicinchoninic  acid  assay  (Pierce).  Immunoprecipitation 
mixtures  containing  500-1000  /rg  protein  were  incubated  with 
the  appropriate  antibodies  for  3  h  at  4°C  with  either  protein  A- 
or  protein  G-conjugated  agarose  beads  (Pierce)  to  capture  the 
complexes.  All  immunoprecipitated  complexes  were  washed 
three  times  with  their  respective  lysis  buffer.  Immunoprecipi¬ 
tated  samples  from  adhesion  assays  were  resuspended  in 
2  x  SDS  sample  buffer,  boiled  for  5-1 5  min.  For  immunoblot- 
ting  of  CD82  in  cell  lysates,  50  /(g  of  protein  was  resuspended  in 
2  x  sample  buffer  under  nonreducing  conditions.  All  resus¬ 
pended  samples  were  then  subjected  to  SDS-polyacrylamide 
gel  electrophoresis,  transferred  to  a  polyvinylidene  difluoride 
membrane  (PVDF).  The  PVDF  membranes  were  blocked  with 
5%  bovine  serum  albumin  in  Tris-buffered  saline  containing 
0.1%  Tween  20  for  2h,  followed  by  2h  incubation  with  the 
appropriate  primary  antibodies.  After  several  washes,  blots 
were  incubated  with  a  horseradish  peroxidase-conjugated 


secondary  antibody  (Bio-Rad)  for  1  h  and  visualized  with  a 
chemiluminescence  reagent  (NEN).  Blots  were  stripped  in  low- 
pH  2%  SDS  at  65°C  for  60  min,  rinsed,  and  reprobed  for  total 
levels  of  protein  in  the  immunoprecipitates  or  cell  lysates. 

Migration  and  invasion  assays 

For  migration  assays,  the  underside  of  the  membrane  of  the 
upper  chamber  of  8  /mi  transwell  migration  chambers  (Corning) 
were  coated  with  10 /(g/ml  of  collagen  I,  laminin,  or  fibro¬ 
nectin.  Approximately  50000-70000  serum-starved  cells  of 
the  vector-  or  the  CD82-transfected  PC3  cells  were  added  to 
the  upper  chamber.  For  Src  inhibition  studies,  cells  were 
pretreated  with  DMSO  or  2.5 /(M  SU6656  (Calbiochem) 
during  the  18-24h  starvation  phase.  The  cells  were  incubated 
at  37°C,  and  after  3  h,  the  cells  were  washed,  then  fixed  and 
stained  with  0.09%  crystal  violet  stain  (Chemicon)  for  10  min. 
Cells  remaining  on  the  upper  side  of  the  membrane  were 
removed  with  a  cotton  swab.  Stained  cells  that  had  migrated 
through  the  membrane  to  the  underside  were  visualized  on  a 
Nikon  TE300  microscope  and  pictures  taken  using  a  CCD 
camera  (Hammamatsu)  attached  to  an  Apple  Macintosh  G4. 
Images  were  compiled  using  OpenLab  software  (Improvision) 
Pictures  were  collected  from  three  different  fields  of  each 
chamber  and  counted.  Invasion  assays  were  performed  on  a 
matrigel  invasion  chambers  (BD  Biocoat,  Beckton  Dickinson 
Labware).  The  invasion  assays  were  set  up  identically  to  the 
migration  assays  except  that  cells  were  fixed  and  stained  after 
72  h.  Pictures  of  the  invaded  cells  were  taken  using  Nikon 
TE300  microscope  attached  to  a  camera  as  described  above. 
For  both  migration  and  invasion  assays,  the  number  of  cells  in 
each  of  three  fields  for  each  assay  were  counted  and  the 
standard  error  was  calculated  and  plotted. 

Antibody  crosslinking 

Cells  were  plated  on  laminin,  and  after  1  h  unattached  cells 
were  washed  with  DMEM.  Then,  25  /(g/ml  mouse  IgG  (Pierce) 
or  25  /(g/ml  of  TS82b  antibodies  was  added.  Cells  were 
incubated  at  37°C  for  2  h,  washed  with  DMEM  and  incubated 
with  secondary  rabbit  anti-mouse  antibodies  at  2.5  /(g/ml 
(Pierce)  for  1  h.  Cells  were  washed  and  lysed  in  RIPA. 

Immunofluorescent  staining 

Immunofluorescent  staining  protocols  were  performed  similar 
to  Lee  et  al.  (2004a)  with  some  modifications.  Round  cover 
slips  were  coated  with  Collagen  1  or  laminin  (10  /(g/ml,  final 
concentration)  overnight  in  a  six-well  dish.  Matrix-coated 
cover  slips  were  blocked  with  1%  BSA  in  PBS.  Following  a 
standard  adhesion  protocol  (Miranti,  2002),  around  50000 
cells  of  the  vector-  or  CD82-transfected  PC3  cells  were  plated 
on  the  cover  slips.  Adherent  cells  were  fixed  with  4% 
paraformaldehyde  in  PBS  for  10  min  and  permeabilized  with 
0.2%  Triton-X  for  3  min.  Nonspecific  binding  was  blocked  by 
incubating  with  1%  normal  goat  serum  for  2h.  c-Met  was 
detected  with  anti-c-Met  antibodies  from  Santa  Cruz  Biotech¬ 
nology  and  CD82  was  detected  with  anti-CD82  antibodies 
(BD-Pharmingen).  Secondary  antibodies  were  either 
Alexa488-conjugated  (green)  or  Alexa568-conjugated  (red) 
anti-mouse  secondary  antibodies  (Molecular  Probes).  Cells 
were  counterstained  with  Hoechst  33258  (at  10/(g/ml)  for 
visualization  of  the  nuclei  and  mounted  on  a  slide  with  10  /d  of 
p-Phenylenediamine  PPD,  an  antifade  agent  (Sigma).  Stained 
cells  were  visualized  either  on  a  Nikon  TE300  microscope 
equipped  for  epi-fluorescence  using  a  CCD  camera  (Hamma¬ 
matsu)  attached  to  an  Apple  Macintosh  G4  and  OpenLab 
software  (Improvision)  or  with  a  Zeiss  LSM510  Confocal 
Scope  and  Zeiss  LSM  Imaging  Software. 
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Surface  expression  of  CD82,  integrins,  and  c-Met  were 
analysed  using  a  FACS  Caliber  (Becton  Dickinson).  Approxi¬ 
mately  lx  106  cells  were  collected  by  trypsinization  and 
stained  with  the  appropriate  primary  antibody  (BD-CD82, 
integrins  a3,  0:6,  or  pi,  or  Met-3).  After  staining  with  FITC- 
conjugated  secondary  antibodies,  the  samples  were  analysed 
for  surface  expression  by  FACS  Caliber.  The  level  of  surface 
expression  was  normalized  to  that  observed  with  cells  treated 
with  IgG  control  antibodies.  The  results  were  generated  using 
FACS  analysis  software. 

Surface  biotinylation 

Cells  were  plated  on  laminin  or  were  left  attached  to  culture 
plates  after  serum  starvation.  Unattached  cells  were  washed 
away  and  cells  were  placed  on  ice.  EZ-link  NHC-LC  Biotin 
(Pierce,  Rockford,  1L,  USA)  at  0.5  mg/ml  in  PBS  was  added 
to  the  adherent  cells  and  incubated  at  4°C  for  2  h.  Cells  were 
lysed  with  1  x  R1PA  and  0:6  integrin  was  immunoprecipi- 
tated.  Biotin  labeling  was  detected  by  immunoblotting  with 
extravidin-peroxidase  conjugate  (Sigma). 

shRNA  inhibition  of  c-Met 

Generation  of  the  adenoviral  vectors  and  virus  for  the 
expression  of  human  c-Met  shRNAs  has  been  previously 
described  (Shinomiya  et  al.,  2004).  1-2  x  106  cells  were  infected 
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at  an  m.o.i.  of  100  with  mU6-Adl  control  virus,  si-hMet-Ad221 
(Ad9),  or  si-mMet-Ad178  (Ad5).  The  targeted  sequence  for 
hMet-Ad221  is  human  5'-GTGCAGTATCCTCTGACAG-3' 
and  for  mMet-Ad178  is  mouse  5'-GTGATCGTTCAACCG 
GATC-3'.  The  si-mMet-Ad178  virus  was  designed  to  inhibit 
mouse  c-Met,  but  shares  homology  with  16  of  19  bases  to 
human  c-Met  and  was  efficient  at  inhibiting  human  c-Met 
expression  in  both  DU145  and  PC3  cells  (data  not  shown). 
After  2-3  days,  cells  were  used  in  adhesion  or  invasion  assays. 
The  levels  of  c-Met  expression  in  each  assay  were  monitored 
by  immunoblotting. 
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Abstract  In  the  normal  prostate  epithelium,  androgen  receptor  (AR)  negative  basal  epithelial  cells  adhere  to  the 
substratum,  while  AR  expressing  secretory  cells  lose  substratum  adhesion.  In  contrast,  prostate  cancer  cells  both  express 
AR  and  adhere  to  a  tumor  basement  membrane.  In  this  review,  we  describe  the  differential  expression  of  integrins,  growth 
factor  receptors  (GFRs),  and  AR  in  normal  and  cancerous  epithelium.  In  addition,  we  discuss  how  signals  from  integrins, 
GFRs,  and  AR  are  integrated  to  regulate  the  proliferation  and  survival  of  normal  and  malignant  prostate  epithelial  cells. 
While  cell  adhesion  is  likely  of  great  importance  when  considering  therapeutic  approaches  for  treatment  of  metastatic 
prostate  cancer,  no  data  on  integrin  expression  are  available  from  tissues  of  prostate  cancer  metastasis.  However,  several 
drug  targets  that  are  upregulated  after  androgen  ablative  therapy  regulate  cell  adhesion  and  thus  novel  targeted  therapies 
indirectly  interfere  with  cell  adhesion  mechanisms  in  prostate  cancer  cells.  J.  Cell.  Biochem.  99:  345-361 , 2006. 
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INTERACTIONS  BETWEEN  SUBSTRATUM 
ADHESION,  PARACRINE  GROWTH  FACTORS, 
AND  ANDROGEN  IN  NORMAL 
PROSTATE  EPITHELIUM 

In  the  human  and  mouse  adult  prostate 
epithelium,  p63  expressing  basal  cells  differen¬ 
tiate  into  secretory  cells,  transitioning  through 
an  intermediate/transiently  proliferating  cellu¬ 
lar  compartment.  During  differentiation  the 
cells  change  their  cytokeratin  expression.  Basal 
cells  are  K14  and  weakly  K5  positive,  inter¬ 
mediate  cells  are  K5  and  K18  positive,  and 
secretory  cells  are  K18  and  K8  positive.  Differ- 
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entiation  is  also  accompanied  by  the  formation 
of  a  suprabasally  located  secretory  cell  layer, 
loss  in  adhesion  to  the  substratum,  and  gain  in 
expression  of  the  androgen  receptor  (AR).  Thus, 
in  normal  epithelium,  there  is  an  inverse 
relationship  between  cell  adhesion  and  AR 
expression. 

Basal  Epithelial  Compartment 

During  prostate  development  androgen- 
regulated  stromal  factors,  named  andromedins, 
interact  with  non-androgen-regulated  growth 
factors  to  stimulate  epithelial  morphogenesis. 
In  contrast  to  basal  epithelial  cells,  stromal  cells 
express  AR  and  thus  proliferation,  survival,  and 
branching  morphogenesis  of  basal  epithelial 
cells  are  indirectly  regulated  by  androgens 
through  the  prostate  stroma.  The  responsible 
stromal  factors  include  FGF7,  FGF10,  IGF,  and 
HGF  [Thomson,  2001;  Donjacour  et  al.,  2003; 
Knudsen  and  Edlund,  2004].  In  particular, 
forced  expression  of  FGF7  in  the  prostate  stro¬ 
ma  of  transgenic  mice  caused  epithelial  hyper¬ 
plasia,  [Foster  et  al.,  2002].  A  recent  mouse 
model  demonstrated  that  stromal  growth  factors 
are  also  regulated  via  an  autocrine  loop 
that  involves  TGF-P  in  the  prostate  stroma 
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[Bhowmick  et  al.,  2004].  Knockout  of  the  TGF-P 
type  II  receptor  resulted  in  increased  HGF 
secretion  by  stromal  cells  and  the  development 
of  intraductal  carcinoma. 

Integrins  comprise  a  family  of  cell  adhesion 
receptors  that  regulate  the  attachment  of 
epithelial  cells  to  the  basement  membrane,  also 
called  substratum.  They  function  as  co-recep- 
tors  of  GFRs,  allowing  effective  transduction 
of  signals  from  the  basal  cell  surface  to  the 
cytoplasm  and  nucleus.  Thus,  integrins  are 
involved  through  multiple  distinct  pathways 
and  networks  in  the  regulation  of  prostate 
epithelial  growth  and  oncogenesis.  Here  we 
examine  integrin-mediated  pathways  that 
are  specific  to  normal  prostate  basal  epithelial 
cells  and  to  prostate  cancer  cells,  since  these  are 
the  only  two  cell  types  that  adhere  to  the 
substratum. 

In  the  normal  human  prostate  gland,  AR- 
deficient  basal  cells  adhere  to  substratum 
containing  collagen  IV,  collagen  VII,  laminin 
5,  and  laminin  10/11  [Knox  et  al.,  1994]. 
Adhesion  to  collagen  IV  is  mediated  by  integrin 
7.2 (SI,  while  adhesion  to  collagen  VII  and 
laminin  5  is  mediated  through  a6p4  and  a3pi. 
Studies  in  a3,  a6,  P4  or  laminin  5  null  mice 
suggest  a  high  level  of  redundancy  of  these 
components  for  basal  cell  function  [Ryan  et  al., 
1999;  DiPersio  et  al.,  2000].  All  of  these  mice 
develop  a  severe  blistering  phenotype  in  the 
skin  and  oral  epithelium  following  birth,  likely 
caused  by  abrasive  action.  However,  the  normal 
architecture  of  stratified  epithelial  differentia¬ 
tion  in  the  skin  is  maintained  prior  to  birth. 
Extensive  apoptotic  cell  death,  termed  anoikis, 
occurs  in  blisters  where  epithelial  cells  detach 
from  the  substratum,  clearly  demonstrating  the 
important  role  of  substratum  adhesion  for  cell 
survival  of  basal  cells.  In  contrast  to  laminin  5 
null  mice,  collagen  IV  deficient  mice  fail  to 
stabilize  basement  membranes  [Poschl  et  al., 
2004].  Surprisingly,  integrin-oc2  null  mice  do  not 
develop  a  blister  phenotype  [Chen  et  al.,  2002]. 
In  general,  the  prostates  of  viable  integrin  null 
mice  at  birth  were  not  examined  and  since 
knockouts  cause  neonatal  lethality,  tissue 
transplantation  is  necessary  to  determine  the 
role  of  integrins  during  branching  morphogen¬ 
esis  and  epithelial  differentiation  of  the  prostate. 

Attachment  of  quiescent  epithelial  cells  to  the 
substratum  occurs  primarily  via  integrins  a6p4 
in  hemidesmosomes.  The  crosstalk  between 
hemidesmosomes,  which  anchor  cells  to  the 


substratum  and  E-cadherin-based  cell-cell 
interactions  helps  to  limit  proliferation.  During 
cell  division  there  is  a  temporary  disruption  of 
cell— cell  and  a6(34  hemidesmosomal  interac¬ 
tions  and  this  removes  the  brake  that  acts  to 
suppress  growth  and  migration  of  cells.  When 
a6p4  interactions  are  disrupted,  engagement  of 
7.3 [SI  integrins  may  increase  temporarily  to 
support  cell  proliferation.  The  a3pi  integrins 
are  typically  localized  within  the  basal-lateral 
cell  membrane  and  may  not  be  fully  engaged 
through  substratum  binding  in  non-proliferat¬ 
ing  basal  cells  [Yanez-Mo  et  al.,  2001].  Thus, 
integrin  utilization  and  not  just  integrin  expres¬ 
sion  levels  determine  interactions  of  cells  with 
the  substratum  and  regulate  cell  proliferation 
and  migration. 

Intermediate/Transiently  Proliferating 
Cell  Compartment 

Prostate  basal  cells  are  the  first  epithelial  cell 
type  in  the  prostate  to  appear  during  develop¬ 
ment  and  are  responsible  for  ductal  morpho¬ 
genesis.  We  now  appreciate  that  basal  cells 
differentiate  into  intermediate  cells.  The  inter¬ 
mediate  compartment  is  divided  between  the 
basal  and  suprabasal/secretory  cell  layers  [van 
Leenders  et  al.,  2003;  Uzgare  and  Isaacs,  2004]. 
When  visualized  by  staining  with  Ki-67/MIBl, 
proliferative  cells  are  observed  along  the  base¬ 
ment  membrane  and  daughter  cells  move  into 
the  suprabasal  layer.  During  this  transition, 
cells  experience  the  greatest  change  in  integrin 
expression.  As  cells  lose  substratum  adhesion, 
integrin  expression  diminishes.  Most  notably  is 
the  loss  in  P4  integrin  expression,  resulting  in 
an  increase  in  a6pi  [Cress  et  al.,  1995].  There 
is  also  a  concomitant  decrease  in  expression  of 
the  other  pi  integrins,  a3pi  and  a2pl.  A  similar 
loss  in  P4  integrin  expression  occurs  during 
keratinocyte  differentiation,  which  can  be  trig¬ 
gered  by  PKC5  activation  or  Myc  expression 
[Gandarillas  and  Watt,  1997;  Alt  et  al.,  2001; 
Gebhardt  et  al.,  2006].  It  is  uncertain  whether 
the  loss  of  integrin  expression  is  caused  by  the 
gain  in  AR  expression,  since  in  prostate  cancer 
cell  lines  forced  expression  of  AR  reduces  exp¬ 
ression  of  P4  and  other  integrins  [Bonaccorsi 
et  al.,  2000;  Nagakawa  et  al.,  2004].  Thus,  it  is 
conceivable  that  adhesion  to  basement  mem¬ 
brane  exerts  a  negative  regulatory  effect  on  AR 
expression  and  that  the  loss  of  cell  adhesion  is  a 
requirement  for  AR  protein  expression  in  the 
normal  prostate  epithelium. 
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The  intermediate  compartment  expands  in 
atrophic  glands  and  in  a  common  condition  by 
the  name  of  proliferative  inflammatory  atrophy 
(PIA).  Characteristically  in  PIA,  intermediate 
cells  in  the  suprabasal  layer  label  with  Ki-67/ 
MIB1  [van  Leenders  et  al.,  2003].  However,  it  is 
unclear  whether  the  Ki-67  positivity  reflects  GO/ 
G1  and  Gl/S  phase  progression  in  the  supraba¬ 
sal  layer,  or  whether  cell-cycle  entry  is  initiated 
in  the  basal  layer  and  cells  move  suprabasally 
during  cytokinesis  in  G2/M  maintaining  Ki-67 
expression.  It  is  conceivable  that  because  these 
cells  do  not  “sense”  a  substratum,  they  fail  to  re¬ 
express  integrins  in  the  subrabasal  layer  after 
cell  division.  In  the  suprabasal  layer,  inter¬ 
mediate  cells  express  a  low  level  of  nuclear  AR. 
We  postulate  that  in  suprabasal  intermediate 
cells,  androgen  stimulates  differentiation  and 
not  proliferation,  since  as  AR  expression 
increases,  proliferation  declines.  Thus,  andro¬ 
gen  is  not  the  driving  force  for  expansion  of  this 
compartment  in  PIA.  This  is  consistent  with  the 
inhibition  of  cell  growth  by  androgen  in  AR- 
expressing  cultured  primary  epithelial  cells, 
which  are  of  the  basal  and  intermediate  pheno¬ 
type  [Robinson  et  al.,  1998;  Fry  et  al.,  2000; 
Lang  et  al.,  2001;  Berger  et  al.,  2004].  Histologic 
inspection  and  immunohistochemical  visualiza¬ 
tion  of  AR  protein  in  normal  prostate  epithelium 
clearly  demonstrates  that  adhesion  to  the 
substratum  and  expression  of  AR  occurs  in 
distinct  cell  types  and  distinct  epithelial  cell 
layers.  While  cell  adhesion  receptors  regulate 
the  proliferation  of  intermediate  cells  that  are 
attached  to  the  substratum,  androgen  and  AR 
likely  mediate  growth  arrest  and  differentiation 
in  suprabasal  intermediate  cells  as  they  begin  to 
further  differentiate  into  secretory  cells. 

Secretory  Epithelial  Compartment 

The  differentiated  secretory  cells  in  the 
mouse  and  human  prostate  are  terminally 
differentiated  and  post-mitotic,  and  thus  in 
these  cells  AR  does  not  stimulate  cell  prolifera¬ 
tion  but  regulates  the  synthesis  and  secretion  of 
proteins.  The  effects  of  androgen  on  epithelial 
homeostasis  have  been  primarily  explored  in 
rodent  prostate.  Enforced  hyper-expression  of 
AR  in  otherwise  normal  mouse  secretory  epithe¬ 
lium  does  not  stimulate  proliferation  suggest¬ 
ing  androgen  action  is  likely  necessary  for  cell 
viability  and  differentiation  [Han  et  al.,  2005]. 
Indeed,  in  adult  mice,  castration  leads  to 
massive  apoptosis  of  secretory  epithelial  cells 


within  48-72  h.  Secretory  epithelial  apoptosis 
in  castrated  mice  is  attributed  to  the  decline  of 
paracrine  stromal  factors.  While  the  mouse 
epithelium  contains  sparse  basal  cells,  the 
human  gland  is  lined  by  a  continuous  basal  cell 
layer,  a  barrier  that  potentially  shields  secre¬ 
tory  cells  from  stromal  factors.  Thus  in  mice, 
androgen-regulated  stromal  factors  have  easy 
access  to  secretory  cells,  whereas  this  is  not  the 
case  in  the  human  gland.  Because  of  this 
difference  stromal-epithelial  interactions  may 
not  be  the  same  in  mouse  and  human  prostate. 
In  fact,  careful  inspection  along  prostatic  ducts 
in  rodent  prostate  revealed  less  apoptosis  in  the 
proximal,  basal  cell-rich  region  compared  to  the 
tips  of  the  ducts.  Based  on  this  observation  a 
barrier  function  of  the  basal  epithelial  layer  was 
suggested  [Tenniswood  et  al.,  1992]. 

Upon  androgen  suppression  in  patients,  secre¬ 
tory  cell  numbers  diminish.  However,  focal  areas 
of  viable  epithelium  may  persist  even  after  6-9 
months  of  treatment,  indicating  that  the  prostate 
tissue  can  maintain  an  elevated  androgen  level 
even  when  serum  androgen  is  markedly 
decreased,  or  that  androgen  may  not  directly 
support  the  viability  of  secretory  epithelial  cells. 
It  is  unclear  whether  secretory  cells  die  because  of 
a  change  in  paracrine  factors  from  the  stroma  or 
because  of  loss  of  intrinsic  AR  activity. 

In  summary  (Table  I),  in  the  normal  human 
adult  prostate  epithelium  cell  adhesion  to  the 
substratum  and  expression  of  AR  occur  sepa¬ 
rately  in  the  basal  and  suprabasal-luminal  cell 
layers,  respectively.  Thus,  in  normal  epithelium, 
signaling  pathways  from  cell  adhesion  and 
androgen  stimulation  do  not  interact.  While 
adhesion  to  the  substratum  facilitates  the  trans¬ 
duction  of  stromal  signals  and  mediates  cell 
proliferation  and  survival,  androgen  primarily 
causes  protein  secretion  and  might  maintain  the 
viability  of  luminal  prostate  epithelial  cells. 

CHANGES  IN  SUBSTRATUM  ADHESION, 
GFR  EXPRESSION,  AND  ANDROGEN 
RESPONSIVENESS  DURING  PROSTATE 
CANCER  DEVELOPMENT 

Tissue  Analysis  of  Prostate  Cancer  Development 
and  Androgen  Responsiveness 

The  development  of  invasive  prostate  cancer 
occurs  through  an  intermediary  in  situ  carci¬ 
noma  stage,  which  is  referred  to  as  prostatic 
intra-epithelial  neoplasia  (PIN).  In  the  early 
stage  of  PIN,  AR  expressing  carcinoma  cells 
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reside  above  a  continuous  basal  cell  layer.  As 
PIN  progresses,  the  basal  cells  disappear  and 
carcinoma  cells  adhere  directly  to  the  substra¬ 
tum  (see  Table  I).  Theories  for  the  loss  of  basal 
cells  include  overgrowth  of  carcinoma  cells, 
invasion  of  carcinoma  cells  into  the  basal  cell 
layer,  and  apoptosis  of  basal  cells  [Bonkhoff, 
1996;  Yu  et  al.,  2004].  As  prostate  cancer 
invades,  AR  expressing  tumor  cells  interact 
through  integrins  with  the  substratum.  Coin- 
cidently,  the  androgen-axis  stimulates  cell  pro¬ 
liferation  and  survival,  in  addition  to  protein 
secretion.  Therefore,  de  novo  adhesion  of  pros¬ 
tate  cancer  cells  to  the  substratum  may  regulate 
the  activity  of  the  AR  in  prostate  cancer  cells. 
This  is  strikingly  different  to  normal  epithelium 
where  substratum  adhesion  and  growth  factor 
activation  are  spatially  separated  from  AR 
expression  into  two  different  cell  layers.  Thus, 
we  propose  that  the  switch  in  AR  function  to 
promote  proliferation  and  survival  in  cancer 
cells,  as  opposed  to  growth  suppression  and 
differentiation  in  normal  cells,  is  facilitated  by 
the  interaction  of  cancer  cells  with  the  sub¬ 
stratum  and  the  integration  of  downstream 
signaling  pathways  from  integrins,  growth 
factors  receptors,  and  AR.  We  will  present 
examples  in  a  later  section  to  illustrate  how 
cancer  cells  integrate  the  downstream  path¬ 
ways  from  these  three  signals. 

Androgens  have  a  marked  effect  on  prostate 
cancer  cell  proliferation  and  viability  in  vivo. 
When  patients  with  androgen-sensitive  meta¬ 
static  disease  are  androgen  ablated  the  prolif¬ 
eration  of  cancer  cells  in  the  prostate  5 
significantly  inhibited  and  massive  numbers  of 
cancer  cells  eventually  die.  In  addition,  the 
proliferation  of  cancer  cells  in  the  prostate  is 
significantly  inhibited  by  anti-androgenic  ther¬ 
apy  and  cancer  cells  eventually  die  [Reuter, 
1997].  During  prolonged  androgen  suppression, 
the  cytoplasm  of  cancer  cells  and  of  normal 
secretory  cells  becomes  vacuolated  and  the 
nuclei  are  irregular  and  mildly  pyknotic.  These 
histological  features,  in  addition  to  the  long 
duration  before  cell  death,  are  suggestive  of 
autophagy  and  not  of  apoptosis.  Thus,  in 
contrast  to  basal  cells,  adhesion  to  the  substra¬ 
tum  is  not  sufficient  for  survival  of  androgen- 
dependent  prostate  cancer  cells  and  in  the 
absence  of  androgens,  cancer  cells  stop  prolif¬ 
erating  and  eventually  die.  However,  an  andro¬ 
gen  independent  population  of  cancer  cells  may 
arise,  whose  survival  is  no  longer  dependent  on 


androgen.  This  likely  occurs  through  the  acqui¬ 
sition  of  additional  oncogenic  events  that  reduce 
the  androgen  requirement  for  activation  of  AR. 
It  is  likely  that  integrins  play  an  important  role 
in  the  progression  to  androgen-independent 
disease  because  they  augment  the  activity  of 
kinases  that  phosphorylate  and  activate  the  AR 
under  reduced  androgen  concentrations.  The 
emerging  cells  may  have  a  greater  dependence 
on  cell  adhesion  to  the  substratum  for  survival, 
compared  to  androgen-dependent  tumors,  and 
use  the  substratum  to  regulate  GFR  and  AR 
signaling  to  enhance  cell  survival. 

Integrins  and  Extracellular  Matrix  Proteins  in 
Locally  Invasive  Prostate  Cancer 

Invasive  prostate  cancer  glands  in  humans  are 
lined  by  a  single  layer  of  tumor  cells.  The  cancer 
cells  retain  certain  properties  of  basal  cells,  but 
also  express  markers  of  secretory  cells  including 
cytokeratin  8  and  18,  AR,  and  PSA.  The  observa¬ 
tion  that  cancer  cells  are  differentiated  according 
to  cytokeratin  8  and  18  expression  and  positivity 
for  AR  and  PSA,  but  negative  for  basal  cell 
markers,  p63,  keratin  5  or  14.  The  observation 
that  cancer  cells  coexpress  basal  and  secretory  cell 
markers  prompted  a  model  in  which  oncogenic 
transformation  occurs  within  the  intermediate 
compartment  and  triggers  an  aberrant  differen¬ 
tiation  program.  As  a  result,  we  would  expect  that 
GFRs  normally  expressed  on  basal  and  not  on 
secretory  cells  remain  expressed  in  some  cancer 
cells.  Indeed,  several  GFRs  are  noticeably  ele¬ 
vated  in  prostate  cancer  cells  compared  to  secre¬ 
tory  cells  [Ware,  1998;  Knudsen  et  al.,  2002]. 

However,  because  cancer  cells  are  more  dif¬ 
ferentiated  than  basal  cells  and  because  cancer¬ 
ous  glands  lack  a  basal  cell  layer,  we  anticipate 
differences  in  cell  adhesion  complexes  as  well 
as  substratum  constituents  between  normal 
epithelium  and  cancer.  Our  insight  into  integ- 
rin  expression  and  substratum  composition  is 
based  on  a  detailed  immunohistochemical  ana¬ 
lysis  in  frozen  tissues  [Knox  et  al.,  1994;  Cress 
et  al.,  1995].  The  substratum  of  tumor  glands, 
compared  to  normal  glands,  is  altered.  Specifi¬ 
cally,  laminin  5  and  collagen  VII  are  lost  in 
cancer,  but  laminin  10/11  and  collagen  IV  are 
retained.  This  alteration  directly  correlates 
with  the  loss  of  the  laminin  5  binding  integrins, 
a6p4,  and  the  reduced  expression  of  a3pi  on 
cancer  cells.  The  prostate  cancer  integrin,  a6pl, 
engages  laminin  10/11  [Cress  et  al.,  1995]. 
Compared  to  the  normal  epithelium,  two  addi- 
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tional  differences  in  integrin  expression  exist  in 
the  carcinoma  cells:  the  (31C  integrin  splice- 
variant  shifts  to  (HA  and  a  truncated  a6  variant, 
a6p,  is  abundantly  expressed  [Fornaro  et  al., 
2000;  Demetriou  et  al.,  2004],  The  changes  in 
integrin  and  substratum  protein  expression  are 
likely  to  be  important  in  tumor  development. 
For  instance  integrin  piA  stimulates  prolifera¬ 
tion  in  vitro  [Goel  et  al.,  2005],  while  a6p  inte¬ 
grin  triggers  invasion  [Rabinovitz  et  al.,  1995]. 
Thus,  signaling  specifically  through  laminin 
10/11  and  an  a6(p)piA  integrin  variant  may 
enhance  tumor igenesis.  In  addition  it  is  likely 
that  intracellular  changes  in  signal  transduc¬ 
tion  pathways  accompany  a6(p)plA  expression. 
Whether  or  not  these  affect  AR  function 
remains  to  be  investigated. 

The  a6p  variant  may  also  be  important  in  the 
development  of  metastatic  cancer.  a6p  is  gen¬ 
erated  by  cleavage  of  its  extracellular  domain  by 
the  extracellular  protease  uPAR.  It  lacks  the 
ligand-binding  domain  and  therefore  no  longer 
interacts  with  the  substratum  [Demetriou  et  al., 
2004].  The  result  would  be  decreased  adhesion 
and  increased  mobility  in  tissues  [Blasi  and 
Carmeliet,  2002].  Interestingly,  the  tetraspanin 
CD82,  which  is  an  a6  integrin-interacting  pro¬ 
tein  and  a  metastasis  suppressor  gene,  sup¬ 
presses  uPAR  activity  [Bass  et  al.,  2005].  Thus, 
loss  of  CD82  expression  during  tumor  progres¬ 
sion  may  be  one  of  the  reasons  for  increased 
uPAR  activity  and  cleavage  of  a6  integrin. 

AR,  Integrins,  and  GFRs  in  Locally 
Invasive  Prostate  Cancer 

When  expressed  in  basal  epithelial  cultures 
or  in  the  PC3  cancer  cell  line,  AR  suppresses  cell 
proliferation,  while  in  xenografts  of  most  pros¬ 
tate  cancer  cell  lines,  and  in  prostate  cancer  in 
vivo,  androgen  stimulates  cell  proliferation 
[Heisler  et  al.,  1997;  Berger  et  al.,  2004]. 
Therefore,  there  may  be  a  disconnect  between 
AR  and  androgen  action.  In  transgenic  mice,  a 
single  point  mutation  in  AR  was  sufficient  to 
trigger  tumor  development  and  progression 
while  enforced  hyper-expression  of  wild-type 
AR  was  not  [Han  et  al.,  2005].  On  the  other 
hand,  oncogenic  immortalization  of  normal 
human  prostate  epithelial  cells  and  co-expres¬ 
sion  of  wild-type  AR  was  sufficient  to  induce 
androgen-dependent  tumors  in  a  xenograft 
model  [Berger  et  al.,  2004],  In  these  tumors 
androgen  was  necessary  for  cell  proliferation. 
The  mutationally  activated  AR  alone  is  suffi¬ 


cient  to  induce  prostate  cancer  in  mice;  how¬ 
ever,  in  human  cancer  AR  mutations  occur  late 
in  oncogenesis  and  are  not  the  cause  for  prostate 
cancer  development.  Together  these  results 
suggest  that  the  proliferative  activity  of  the 
AR  is  context  dependent  and  requires  oncogenic 
transformation.  It  is  likely  that  oncogene- 
induced  enhanced  expression  and  activation  of 
GFRs  and  integrins  are  required  to  increase  the 
proliferative  activity  of  the  AR. 

Evidence  for  cooperation  between  integrins 
and  GFRs  for  regulating  cell  proliferation  has 
been  well  documented  [Miranti  and  Brugge, 
2002].  Integrin  crosstalk  with  IGFR1  is  required 
for  efficient  IGF-1  signaling  [Walker  et  al.,  2002; 
Clemmons  and  Made,  2005].  In  return,  IGF-1 
enhances  integrin-mediated  adhesion  and 
spreading  [Hermanto  et  al.,  2002].  Recent  studies 
have  demonstrated  that  IGFR  is  critical  for 
prostate  cancer  development  [Wu  et  al.,  2005a] 
and  transgenic  mice  expressing  high  levels  of 
IGF-1  under  control  of  the  K5  promoter  develop 
prostate  tumors  [DiGiovanni  et  al.,  2000].  IGFR1 
forms  complexes  with  a6  integrin  and  recruits 
activated  MAPK  [Walker  et  al.,  2002].  Thus, 
integrin  a6pi-laminin  10/11  interactions  may 
cooperate  with  IGF/IGFR  to  promote  the  early 
development  of  prostate  cancer.  Interestingly, 
the  piA  integrin  variant,  which  is  increased  in 
prostate  cancer,  promotes  IGF-l-mediated  cell 
proliferation,  while  the  piC  integrin  variant, 
which  is  downregulated  in  prostate  cancer, 
inhibits  IGF-mediate  proliferation  [Goel  et  al., 
2005].  A  monoclonal  antibody  to  IGFR1  inhibits 
tumor  proliferation  in  both  AR-dependent  and 
AR-independent  models  of  LUCap35  prostate 
cancer  xenografts,  suggesting  that  androgen  and 
IGFR  independently  support  proliferation  [Wu 
et  al.,  2005a].  Future  research  will  need  to 
address  which  oncogenic  events  cause  a  switch 
in  AR  activity  from  inhibition  to  stimulation  of 
cell  proliferation,  and  determine  whether  cancer 
specific  cell  adhesion  to  basement  membrane  or 
expression  of  GFRs  contribute  to  the  switch  in  AR 
activity. 

AR,  INTEGRINS,  AND  GFRS  IN  THE 
REGULATION  OF  CELL  PROLIFERATION  AND 
SURVIVAL  IN  METASTATIC  PROSTATE  CANCER 

Integrins  and  Extracellular  Matrix  in 
Metastatic  Prostate  Cancer 

Understanding  of  the  role  of  integrins  in 
prostate  cancer  metastasis  has  been  stymied 
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by  the  lack  of  in  vivo  immunohistochemical  data 
in  metastatic  tissues  and  thus  our  current 
knowledge  is  derived  from  analyzing  cell  lines 
[Fornaro  et  al.,  2001].  Cellular  models  of  pro¬ 
state  cancer  progression  have  largely  been 
derived  from  two  cell  lines,  LNCaP  and  PC3. 
In  these  models  integrin  expression,  utilization, 
and  function  have  been  studied;  however,  it 
is  uncertain  whether  in  vivo  correlates  exist. 
The  LNCaP  cells  are  androgen-sensitive  and 
thus  recapitulate  characteristics  of  androgen- 
responsive  primary  prostate  cancer  cells.  One 
might  therefore  expect  that  LnCaP  cells  express 
a  repertoire  of  integrins  that  is  similar  to 
primary  prostate  cancer.  However,  contrary  to 
primary  prostate  cancer  tissues,  LNCaP  cells 
express  low  levels  of  the  laminin  receptors  a6pi 
and  a3pi,  but  high  levels  of  the  fibronectin 
receptor,  a5pl  [Witkowski  et  al.,  1993;  Edlund 
et  al.,  2001].  PC3  and  DU145  cells,  derived  from 
metastatic  lesions,  do  not  express  AR  and 
express  elevated  levels  of  a5pl,  as  well  as  the 
vitronectin  receptor,  avp3,  neither  of  which 
have  been  reported  to  be  expressed  in  vivo 
[Cooper  et  al.,  2002].  avP3  expression  is  typi¬ 
cally  not  seen  in  normal  epithelial  cells, 
although  one  report  suggests  that  it  is 
expressed  in  primary  tumors  [Zheng  et  al., 
1999].  Whether  cz5pl  or  avp3  are  expressed  in 
metastatic  tumors  in  vivo  has  not  been  demon¬ 
strated.  In  cell  lines,  expression  of  integrins 
a5pi  and  avP3  might  be  caused  by  high 
fibronectin  and  vitronectin  levels  in  serum  used 
for  cell  culture.  The  selection  pressure  during 
the  establishment  of  cells  lines  could  favor  cells 
that  upregulate  fibronectin-  and  vitronectin¬ 
binding  integrins.  Changes  in  integrin  expres¬ 
sion  and  function  during  prostate  cancer  pro¬ 
gression  and  metastasis  formation  might  be  an 
important  contributing  factor  to  tumor  growth 
and  development  of  treatment  resistance. 

The  role  of  P4  integrin  in  metastatic  prostate 
cancer  remains  controversial.  Elevated  levels  of 
P4  integrin  have  been  routinely  observed  in 
primary  and  metastatic  breast  and  colon  can¬ 
cers  [Natali  et  al.,  1992;  Davis  et  al.,  2001]. 
However,  it  is  not  expressed  in  primary  prostate 
cancers  in  vivo.  Metastatic  prostate  cancer  cell 
lines  express  P4  integrin,  but  it  is  not  known 
whether  p4  is  expressed  in  prostate  metastases 
in  vivo.  Since  forced  expression  of  AR  in 
metastatic  cell  lines  decreases  expression  of  P4 
integrin,  p4  expression  in  cell  lines  may  simply 
indicate  the  loss  of  the  androgen/ AR  signaling 


axis  due  to  in  vitro  culturing  [Bonaccorsi  et  al., 
2000;  Evangelou  et  al.,  2002;  Nagakawa  et  al., 
2004].  However,  P4  integrin  expression  in 
metastatic  cells  could  serve  a  different  function 
than  in  basal  epithelial  cells,  since  metastatic 
cells  do  not  form  hemidesmosomal  structures 
and  fail  to  deposit  laminin  5.  If  P4  integrin 
expression  in  metastatic  prostate  cancer  cell 
lines  recapitulates  integrin  expression  in  pros¬ 
tate  cancer  metastasis  in  vivo  and  is  not  an 
artifact  of  cell  culture,  then  re-expression  of  p4 
in  androgen-independent  tumors  may  play  a 
unique  role  in  prostate  cancer  metastasis. 
Further  studies  will  be  necessary  to  validate 
the  role  of  P4  integrin  in  metastasis. 

In  addition  to  the  reported  changes  in  sub¬ 
stratum  in  primary  prostate  cancer,  it  is 
expected  that  metastatic  cells  will  see  an  even 
different  substratum.  Over  80%  of  prostate 
metastases  are  found  in  the  bone.  Collagen  I  is 
one  of  the  primary  substratum  proteins  in  the 
bone  and  a2pi  integrin  is  primarily  responsible 
for  adhesion  to  collagens.  While  basal  prostate 
epithelial  cells  express  a2pi  and  bind  collagen 
IV  in  the  basement  membrane  [Knox  et  al., 
1994],  there  is  significantly  less,  but  measur¬ 
able  expression  of  7.2 (SI  in  primary  prostate 
cancers.  The  metastatic  cell  lines  express  a2pl 
at  levels  similar  to  basal  cells,  with  PC3  cells 
showing  slightly  higher  levels  of  expression. 
Treatment  of  PC3  cells  with  the  bone-derived 
growth  factor,  TGF-pi  increases  a2pi  levels  as 
well  as  adhesion  and  spreading  [Kostenuik 
et  al.,  1997].  Thus,  signaling  through  collagen/ 
TGF-pl  in  the  bone  environment  may  favor 
metastatic  growth  in  part  through  increasing 
integrin  engagement.  How  signaling  through 
TGFpi  and  a2pl  impacts  AR  function  in  the 
metastatic  cells  is  unknown. 

Integrin  expression  and  function  can  be 
modulated  by  interactions  with  other  proteins, 
which  may  be  important  in  metastasis.  CD82/ 
KAI1  was  identified  as  a  metastasis  suppressor 
of  prostate  cancer  cells  in  a  metastasis  screen  in 
rats  [Dong  et  al.,  1996].  CD82  is  a  tetraspanin 
that  controls  the  activity  of  the  prostate  cancer 
integrins,  a6pi  and  a3pi  [Maecker  et  al.,  1997] 
as  well  as  negatively  regulates  EGFR  and  c-Met 
[Jackson  et  al.,  2003;  Odintsova  et  al.,  2003; 
Sridhar  and  Miranti,  2005].  CD82  exerts  its 
effects  by  limiting  the  distribution  and  associa¬ 
tion  of  integrins  and  GFRs  on  the  cell  surface. 
Thus,  in  advanced  stages  of  prostate  cancer 
reduced  expression  of  CD82  as  it  is  documented 
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to  occur  in  vivo  would  permit  associations  and 
redistribution  of  integrins  and  GFRs  leading  to 
enhanced  signaling  and  an  augmentation  of  cell 
proliferation  and  androgen  insensitivity. 

Crosstalk  Between  Integrins,  AR,  and  GFRs  in 
Metastatic  Prostate  Cancer 

AR  is  considered  the  main  culprit  of  meta¬ 
static  growth  and  treatment  failure  [Gross- 
mann  et  al.,  2001].  Although  metastatic 
tumors  are  androgen  independent,  they  still 
rely  heavily  on  AR  for  growth  and  survival 
[Feldman  and  Feldman,  2001].  Signaling  path¬ 
ways  emanating  from  GFRs  and  integrins  may 
reduce  the  dependence  on  androgen  and  aug¬ 
ment  the  transcriptional  activity  of  AR  in  the 
progression  to  androgen  independent  disease. 
From  studies  in  cell  culture  models,  several 
mechanisms  for  interactions  between  integrins, 
GFRs,  and  AR  have  been  reported  and  can  be 
grouped  into  four  paradigms. 

Paradigm  1:  Signal  transduction  path¬ 
ways  from  integrins  and  GFRs  activate 
kinases  that  affect  the  expression  and 
activity  of  AR  and  AR-coregulators  through 
phosphorylation.  Enhanced  signaling  through 
GFRs  is  thought  to  play  an  important  role  in 
enhancing  AR  activity,  especially  in  the  progre¬ 
ssion  to  androgen  independence.  The  crosstalk 
between  integrins  and  GFRs  also  intensifies 
during  prostate  cancer  progression  particularly 
if  GFRs  are  over  expressed.  For  example,  at 
normal  expression  levels,  engagement  of  integ¬ 
rins  activates  the  EGFR  kinase,  but  this  is  not 
sufficient  to  induce  cell  proliferation.  However, 
over  expression  of  EGFR,  permits  cell-cycle 
progression  through  integrin  engagement  [Bill 
et  al.,  2004].  Several  studies  have  attempted  to 
address  whether  members  of  the  EGFR  family, 
including  ErbB2/Her2/Neu,  are  significantly 
over  expressed  in  prostate  cancer  metastases. 
So  far  there  is  limited  evidence  to  support 
ubiquitous  over  expression  [Ware,  1998].  In 
contrast  to  the  EGFR  family,  c-Met  is  expressed 
in  practically  all  metastatic  prostate  cancers 
and  is  significantly  over  expressed  in  prostate 
bone  metastases  compared  to  soft  tissue  metas¬ 
tasis  [Knudsen  et  al.,  2002].  Its  loss  in  PC3  cells 
results  in  apoptotic  cell  death  [Shinomiya  et  al., 
2004]  and  c-Met  could  therefore  be  a  driver  of 
metastatic  growth  and  tumor  cell  survival.  A 
recent  study  demonstrated  a  shift  from  para¬ 
crine  growth  stimulation  of  the  androgen- 
dependent  CWR22  xenograft  model  to  autocrine 


growth  stimulation  through  hepatocyte  growth 
factor  (HGF)  secretion  in  the  androgen- 
independent  xenograft  [Nakashiro  et  al., 

2004] .  In  patients,  the  c-Met  ligand,  HGF,  is 
secreted  by  osteoblasts  and  thus  paracrine 
activation  of  c-Met  could  occur  in  metastatic 
prostate  cancer  cells  in  the  bone.  However,  if  c- 
Met  is  sufficiently  over  expressed,  activation 
may  be  integrin  and  not  HGF  dependent  [Wang 
et  al.,  2001].  Finally,  the  observation  that  loss  of 
the  integrin  binding  protein  CD82  enhances  c- 
Met  activation  by  both  integrins  and  ligand  and 
CD82  loss  correlates  with  poor  prognosis  and 
metastatic  disease  further  supports  the  poten¬ 
tial  importance  of  c-Met  in  prostate  cancer 
metastasis  [Sridhar  and  Miranti,  2005].  Thus, 
c-Met  is  a  candidate  GFR  that  through  crosstalk 
with  integrins  might  activate  cytoplasmic 
kinases  that  phosphorylate  AR. 

Multiple  cytoplasmic  kinases,  including  PKA, 
PKC,  and  MAPK  phosphorylate  AR  in  its  N- 
terminal  domain  [Alt  et  al.,  2001;  Gioeli  et  al., 
2002]  (Fig.  IB).  These  kinases  have  been 
reported  to  cause  AR  activation  downstream  of 
cell  surface  receptors  for  IGF-1,  KGF,  EGF  or 
downstream  of  ErbB2,  even  when  androgen 
concentrations  are  low  [Grossmann  et  al.,  2001; 
Culig  et  al.,  2002;  Chatterjee,  2003;  Rahman 
et  al.,  2004].  However,  it  is  uncertain  whether 
kinase  activation  always  permits  a  proliferative 
function  of  AR.  In  two  separate  studies 
increased  expression  of  active  MAPK  was  noted 
in  the  center  of  prostate  cancers  or  in  areas  of 
increased  cancer  cell  proliferation  [Gioeli  et  al., 
1999;  Paweletz  et  al.,  2001].  Therefore,  phos- 
phorylated  MAPK  can  provide  a  signal  for 
differentiation  [Gmyrek  et  al.,  2001]  (central 
region)  or  proliferation  (high  grade  cancer),  and 
it  is  conceivable  that  the  MAPK  signal  is  in  part 
propagated  through  phosphorylation  of  AR. 
Thus,  the  phosphorylated  AR  might  stimulate 
differentiation  or  proliferation  dependent  on 
the  underlying  spectrum  of  oncogenic  changes 
in  the  cancer.  Based  on  preclinical  studies  in 
LNCaP  cells  demonstrating  that  knockdown  of 
AR  causes  cell-cycle  arrest,  and  under  some 
conditions  apoptosis,  in  LNCaP  cells  [Zegarra- 
Moro  et  al.,  2002;  Liao  et  al.,  2005;  Yang  et  al., 

2005] ,  eliminating  AR  protein  expression  as 
well  as  inhibiting  the  Ras/MAPK  pathway  are 
currently  being  considered  as  therapeutic 
approaches.  However,  it  may  be  necessary  to 
thoroughly  evaluate  the  activity  of  the  AR  and 
MAPK  throughout  the  cancer  and  avoid  using 
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regulate  differentiation,  proliferation,  and  survival.  Panel  A: 
Normal  secretory  epithelium.  The  expression  of  growth  factor 
receptors  (GFR)  and  integrins  in  secretory  epithelial  cells  is  low 
compared  to  basal  epithelial  cells  or  prostate  cancer  cells. 
Secretory  cells  do  not  directly  contact  the  substratum.  CD82  is 
expressed  and  limits  the  activity  of  GFRs.  The  Akt  pathway  is  not 
significantly  activated,  since  PTEN  is  present,  and  the  FOXO 
proteins  are  in  the  nucleus,  inhibiting  cell  proliferation.  It  is 
conceivable  that  MAPK  is  activated,  since  sustained  MAPK 
activation  stimulates  cellular  differentiation.  In  this  case,  active 
MAPK  might  phosphorylate  the  AR  and  AR  co-regulators  (CoR). 
The  AR  is  in  the  nucleus  and  androgens  induce  and  maintain  a 
differentiation  phenotype.  Secretory  cells  are  post-mitotic  and  it 
is  unclear  which  proteins  and  pathways  are  responsible  for  their 
survival.  Panel  B:  Prostate  cancer  cells.  Prostate  cancer  cells 
express  integrins  a6|31  (or  a3|31).  The  loss  of  CD82  permits 
interaction  of  integrins  with  growth  factor  receptors  (GFR), 
leading  to  their  activation  and  induction  of  signal  transduction 
pathways.  The  convergence  of  signals  from  integrins  and  GFRs 
regulates  cytoplasmic  kinases  (PKA,  PKC,  and  MAPK),  which 
phosphorylate  AR  and  AR  co-regulators.  Phosphorylation 
regulates  interactions  between  the  AR  and  AR  binding  protein 
as  well  as  interactions  between  AR  and  other  transcription 
factors.  The  PI3K/Akt  pathway  plays  a  central  role  in  proliferation 
and  survival  of  prostate  cancer  cells,  in  part  through  regulating 
the  activity  of  FOXO  transcription  factors.  Akt  phosphorylates 


cleaved  by  an  androgen-induced  protease  and  this  may 
contribute  to  the  proliferative  effects  of  androgen  in  prostate 
cancer  cells.  In  addition,  Akt  inhibits  GSK3[5,  which  stabilizes  p- 
catenin  and  leads  to  its  enhanced  expression.  Nuclear  transloca¬ 
tion  of  P-catenin  may  be  assisted  by  binding  to  the  AR  and  in  the 
nucleus  p-catenin  stimulates  cellular  proliferation.  Panel  C:  The 
intrinsic  apoptotic  pathway  in  prostate  cancer  cells.  Integrins, 
growth  factor  receptors  (GFR),  and  AR  regulate  expression  of  Bcl- 
2  and  BH3  family  proteins.  MAPK  and  Akt  induce  expression 
(green)  of  prosurvival  proteins,  Bcl-2,  Bcl-XL,  and  Mcl-1,  while 
decreasing  expression  (red)  of  Bad,  Bak,  and  Bim.  The  expression 
ofthe  prosurvival  protein,  Survivin  is  also  upregulated  by  Akt.  AR 
suppresses  transcription  of  Bcl-2.  The  balance  between  integrin 
and  GFR  positive  signals  and  AR-driven  negative  signals 
determine  cell  fate.  Panel  D:  The  extrinsic  apoptotic  pathway 
in  prostate  cancer  cells.  Cell  surface  receptors  (TNFR1 ,  Fas)  that 
stimulate  apoptosis  limit  the  viability  of  prostate  cancer  cells 
through  regulation  of  NF-kB.  Nuclear  translocation  of  NF-kB  is 
tightly  regulated  and  in  the  nucleus  where  it  stimulates  Bcl-2 
expression.  Nuclear  translocation  of  NF-kB  is  inhibited  through 
binding  to  phosphorylated  IxB.  IkB  is  phosphorylated  by  IkB 
kinase  (IKK),  which  is  phosphorylated  by  Akt  and  targeted  for 
degradation.  Thus,  Akt  activation  causes  nuclear  translocation  of 
NF-xB.  AR  can  inhibit  apoptosis  by  suppressing  the  transcription 
of  caspase  2  through  an  androgen  receptor-binding  element  in 
the  promoter  of  caspase  2. 


these  therapies  for  cancers  in  which  AR  or 
MAPK  primarily  cause  cell  differentiation. 

Another  probable  mechanism  for  cooperation 
between  AR,  integrins,  and  GFRs  is  through 
transcriptional  coregulators.  Progression  to 
androgen  independence  is  associated  with 
changes  in  AR  coactivator  expression.  Coacti¬ 
vators  enhance  AR  function  by  bridging  to  non¬ 
androgen  regulated  transcription  factors  and 
thereby  connecting  androgen  dependent  and 
independent  pathways.  While  much  in  vitro 
data  have  linked  coactivators  to  enhanced 
signaling  by  AR,  evidence  that  this  occurs  in 


vivo  is  still  lacking.  The  AR  coactivators, 
ARA70,  ARA55,  and  ARA54,  are  over  expressed 
during  androgen  ablation  and  in  androgen 
insensitive  tumors  [Culig  et  al.,  2002;  Chatter- 
jee,  2003].  Over  expression  of  either  coactivator 
increases  the  sensitivity  to  androgens,  anti¬ 
androgens,  and  estrogens.  SRC-3  and  ARA70 
interactions  with  AR  are  enhanced  by  their 
phosphorylation  through  ErbB2/EGFR  and 
activation  of  MAPK  [Heinlein  and  Chang, 
2004].  ErbB2  also  stimulates  PI3K  (probably 
as  a  dimer  with  ErbB3),  which  leads  to  phos¬ 
phorylation  of  AR  on  Ser213/791  [Culig  et  al., 
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2005],  however,  the  importance  of  these  phos¬ 
phorylation  sites  for  AR  activity  is  debatable. 
The  AR  coactivator,  ARA55,  takes  a  unique 
position,  since  its  phosphorylation  by  the  integ- 
rin-regulated  kinase  Pyk2  blocks  its  binding  to 
AR  [Heinlein  and  Chang,  2004].  Thus,  the 
combination  of  coactivator  and  AR  over  expres¬ 
sion  and  the  regulation  of  interactions  by 
integrin- activated  signaling  pathways  may 
provide  the  underlying  cause  for  the  switch  of 
a  growth  inhibitory  to  a  growth  stimulatory 
effect  of  the  androgen  axis  during  prostate 
cancer  development. 

Paradigm  2:  Integrins  and  androgen 
cooperatively  promote  cell  survival  by 
regulating  the  Akt  pathway  and  the 
expression  of  pro-survival  Bcl-2  family 
proteins  and  Survivin. 

Androgen  I  AR  and  regulation  of  the  Akt 
pathway.  The  most  frequently  affected  and 
best-studied  survival  pathway  in  prostate  car¬ 
cinoma  is  the  PI3K/Akt  pathway.  In  cancer 
cells,  Akt  is  activated  by  integrins,  growth 
factors,  and  through  loss  of  the  tumor  suppres¬ 
sor,  PTEN.  In  human  samples,  increased  Akt 
activity  correlates  with  advanced  disease  and 
high  Gleason  score  [Ghosh  et  al.,  2003],  is  an 
adverse  prognostic  indicator  [Ayala  et  al.,  2004; 
Kreisberg  et  al.,  2004],  and  increases  the  danger 
of  cancer  recurrence  [Thomas  et  al.,  2004]. 
Conditional  loss  of  both  alleles  of  PTEN  in  AR- 
expressing  epithelial  cells  is  sufficient  to  induce 
prostate  cancer  in  mice  [Wang  et  al.,  2003].  In 
prostate  cancer  cells  with  intact  PTEN  expres¬ 
sion  the  Akt  pathway  is  activated  by  GFRs.  For 
instance,  IGFR  or  ErbB2/ErbB3  mediates  acti¬ 
vation  of  the  PI3K/Akt  pathway  which  leads  to 
increased  activity  of  AR  [Heinlein  and  Chang, 
2004].  In  prostate  cancer  cells,  activation  of 
IGFR  by  its  ligand  IGF-1  is  increased  through 
elevated  IGFBP-5  and  decreased  through  dimi¬ 
nished  IGFBP-3  expression  [Culig  et  al.,  2002]. 
Thus,  even  in  tumors  where  PTEN  is  intact, 
signaling  by  growth  factors  could  stimulate 
survival  through  PI3K/Akt. 

Another  mechanism  for  activating  the  Akt 
pathway  is  through  integrins  (Fig.  IB).  Integ¬ 
rins  are  essential  co-receptors  for  growth  factor- 
mediated  activation  of  the  Akt  pathway  [Cabodi 
et  al.,  2004];  however,  there  is  also  evidence  that 
integrins  can  activate  the  Akt  pathway  through 
GFRs,  independent  of  growth  factors  [Moro 
et  al.,  1998].  Cells  prevented  from  adhering  to 
the  substratum  undergo  a  form  of  apoptotic  cell 


death  termed  anoikis  [Reddig  and  Juliano, 
2005],  and  in  some  cell  types  adhesion-induced 
cell  survival  depends  on  PI3K  [Frisch  and 
Screaton,  2001].  However,  PI3K/Akt  is  not 
always  responsible  for  adhesion-mediated  cell 
survival,  and  in  particular  adhesion  of  basal 
cells  to  laminin  5  does  not  significantly  activate 
PI3K,  neither  does  blocking  PI3K  lead  to  cell 
death  [Lin  et  al.,  1999;  Uzgare  and  Isaacs, 
2004] .  In  cultured  basal  prostate  epithelial  cells, 
cell  survival  on  laminin  5  requires  signaling 
from  a3pi  integrin  via  EGFR  to  active  the  Ras/ 
MAPK  pathway  (Miranti,  unpublished  data) 
[Manohar  et  al.,  2004].  Oddly,  death  of  primary 
prostate  epithelial  cells  induced  by  loss  of  a3f)l/ 
laminin  5  signaling  does  not  occur  through  the 
classical  intrinsic  apoptosis  pathway,  contrary 
to  tumor  cells  which  die  through  activation 
of  classical  apoptosis  pathways  [Uzgare  and 
Isaacs,  2004] .  Thus,  during  tumor  development 
loss  of  laminin  5  and  a3pl,  or  dependence  ona6pl 
and  laminin  10/11  signaling  may  alter  adhesion 
activated  cell  survival  pathways.  Changes  in  cell 
adhesion,  activation  of  growth  factors  receptors, 
and  PTEN  loss  may  all  exert  selective  pressures 
on  cancer  cells  that  affect  their  dependence  on 
androgen  as  a  survival  factor. 

While  activation  of  the  PI3K/Akt  pathway  is 
critical  for  survival,  its  inhibition  is  not  sufficient 
to  cause  death  of  cancer  cells  and  can  be  rescued 
by  androgen  or  growth  factors.  Thus,  in  addition 
to  inhibiting  the  PI3K  pathway,  the  removal  of 
androgens  or  growth  factors  is  required  for 
inducing  apoptosis  [Carson  et  al.,  1999;  Lin 
et  al.,  1999;  Murillo  et  al.,  2001]  and  both  PI3K- 
dependent  and  -independent  survival  pathways 
operate  in  prostate  cancer  cells  to  maintain 
viability  [Carson  et  al.,  1999].  This  has  important 
implications  for  therapeutic  strategies,  as  simply 
inhibiting  Akt  would  not  be  cytotoxic  for  cancer 
cells  and  cause  tumor  regression. 

Androgen  /  AR  and  regulation  of  extrinsic  and 
intrinsic  apoptotic  pathways.  Whether  a  cell 
lives  or  dies  is  in  part  determined  by  the  activity 
of  the  extrinsic  and  intrinsic  apoptotic  path¬ 
ways.  While  the  extrinsic  apoptotic  pathway 
signals  downstream  of  death  cell  surface  recep¬ 
tors,  the  intrinsic  pathway  is  regulated  through 
expression  of  Bcl-2  family  members  (Fig.  1C,D). 
Both  pathways  interact  with  the  androgen/AR 
axis.  Intrinsic  apoptosis  is  driven  by  Bax  and 
Bak  [Wei  et  al.,  2001].  Bax  and  Bak  are 
antagonized  by  three  Bcl-2-family  members, 
Bcl-2,  Bcl-XL,  and  Mcl-1  [Gelinas  and  White, 


354 


Knudsen  and  Miranti 


2005]  and  increased  expression  of  all  three  has 
been  noted  in  mid  to  late  stage  prostate  cancer 
[Krajewska  et  al.,  1996].  Since  Bcl-2  expression 
in  prostate  cancer  is  associated  with  tumor 
progression,  its  expression  level  is  of  keen 
importance  and  is  regulated  by  androgen, 
growth  factors,  and  integrin  expression. 

Upon  GFR  activation,  the  Akt  pathway  may 
be  synergistic  with  Bcl-2  for  cell  survival 
[Huang  et  al.,  2001].  In  addition  to  Bcl-2, 
Bcl-XL  may  also  assume  an  important  role  in 
supporting  cell  viability.  In  PC3  and  LNCaP 
cells,  Bcl-XL  sustains  survival  when  the  PI3K 
pathway  is  inhibited  [Y ang  et  al. ,  2003] .  There  is 
clear  antagonism  between  androgens  and  Bcl-2. 
Evidently  in  vivo,  androgens  suppress  Bcl-2 
transcription  and  androgen  ablation  upregu- 
lates  Bcl-2  [Huang  et  al.,  2004b].  Furthermore, 
the  ability  of  Bcl-2  to  enhance  cancer  growth 
only  occurs  in  androgen-depleted  conditions. 
Thus,  increased  Bcl-2  expression  might  be  a 
requirement  for  progression  to  androgen  inde¬ 
pendence  [Grossmann  et  al.,  2001].  Thus,  both 
Bcl-2  and  Bcl-XL  appear  to  be  important  for  sur¬ 
vival  of  prostate  carcinoma  cells  in  the  absence 
of  androgens  or  in  low  androgen  conditions. 

In  androgen-dependent  cells,  TNF-a  acti¬ 
vation  normally  induces  cell  death  through 
the  extrinsic  cell  death  pathway.  Surprisingly, 
upon  removal  of  androgens  and  sustained  Akt 
pathway  activation,  TNFa  stimulates  cell  sur¬ 
vival  [Catz  and  Johnson,  2003].  This  response 
requires  the  degradation  IKK,  which  permits 
nuclear  translocation  of  NF-kB  and  increased 
Bcl-2  transcription  (Fig.  ID).  Since  the  NF-kB 
pathway  is  suppressed  by  androgens,  this  may 
explain  the  increase  in  Bcl-2  expression  upon 
androgen  ablation. 

Integrins  stimulate  cell  survival  through 
upregulation  of  Bcl-2  proteins  and  through 
inhibition  of  proapoptotic  proteins  such  as 
Bim,  Bad,  and  Bak  [Zhang  et  al.,  1995] 
(Fig.  1C).  Studies  in  our  lab  with  basal  prostate 
epithelial  cells  and  in  other  labs  with  keratino- 
cytes  indicate  that  adhesion  to  laminin-5 
regulates  cell  survival  through  oc3(ll  integrin- 
mediated  activation  of  the  Ras/MAPK  pathway 
[Ryan  et  al.,  1999;  DiPersio  et  al.,  2000].  We 
further  noted  upregulation  of  Bcl-XL  and  the 
downregulation  of  Bim  under  the  same  condi¬ 
tions  (Miranti,  unpublished  data).  Thus,  the 
changes  in  integrin  expression  during  prostate 
cancer  progression  may  regulate  cell  survival 
through  Bcl-XL  expression. 


In  vivo  androgens  clearly  regulate  tumor  cell 
survival,  however,  how  AR  interacts  with  the 
intrinsic  or  extrinsic  pathways  is  largely  un¬ 
known  (Fig.  1C,D).  The  recent  discovery  of  a 
functional  ARE  in  the  caspase  2  gene  and  its 
inhibition  by  androgen,  suggests  that  this  may 
be  a  mechanism  by  which  androgens  directly 
regulate  apoptosis  [Rokhlin  et  al.,  2005]. 
Decreased  expression  of  caspase  2  was  suffi¬ 
cient  to  prevent  TNFa-  or  TRAIL-induced 
apoptosis.  Androgens  can  also  mediate  cell 
survival  by  inducing  expression  of  Survivin. 
Survivin  is  an  anti-apoptotic  protein  that  blocks 
caspase  activity  [Goel  et  al.,  2005].  In  a  recent 
study  in  metastatic  PC3  cells,  adhesion  to  fibro- 
nectin  was  found  to  upregulate  Survivin  levels. 
This  was  dependent  on  PI3K  and  responsible  for 
inhibiting  TNFa-induced  apoptosis  [Fornaro 
et  al.,  2003].  Thus  androgens,  GFRs,  and  inte¬ 
grins  all  regulate  many  of  the  same  molecules 
and  pathways  that  are  important  for  survival 
of  both  normal  and  tumor  cells.  The  relative 
intensity  of  signals  from  each  pathway,  the 
presence  of  oncogenic  mutations,  and  the  extent 
of  crosstalk  will  determine  which  pathways  pre¬ 
dominate  and  likely  guide  tumor  progression. 

Paradigm  3:  AR  interacts  with  tran¬ 
scription  factors  that  are  activated  at 
the  end  of  signal  transduction  pathways. 
One  possible  explanation  for  the  interdepen¬ 
dence  of  PI3K  and  AR  in  promoting  cell  survival 
is  that  they  cooperate  to  reduce  the  activity  of 
forkhead  box-0  transcription  factors  (FOXO). 
Translocation  of  FOXO  transcription  factors 
into  the  nucleus  triggers  growth  arrest  and 
apoptosis  (Fig.  1A).  Akt  inhibits  FOXO  proteins 
by  direct  phosphorylation,  which  causes  their 
sequestration  in  the  cytoplasm  [Greer  and 
Brunet,  2005].  Under  certain  conditions,  AR 
may  bind  FOXOl  and  inhibit  nuclear  entry  [Li 
et  al.,  2003].  In  addition,  androgen  induces  a 
cysteine  protease  that  cleaves  and  inactivates 
FOXOl  [Huang  et  al.,  2004a].  An  important  cell 
proliferation  target  of  FOXO  proteins  is  the 
Cdk2  inhibitor,  p27kip  [Lynch  et  al.,  2005] 
whose  loss  of  expression  is  associated  with  pro¬ 
state  cancer  development  in  mice  and  adverse 
patient  outcome  [Di  Cristofano  et  al.,  2001]. 

The  recent  finding  that  P-catenin  shuttles 
with  AR  into  the  nucleus  and  is  found  in  AR 
transcriptional  complexes,  suggests  that  the 
Wnt  signaling  pathway  interacts  with  AR  [Song 
and  Gelmann,  2005;  Verras  and  Sun,  2005].  Akt 
phosphorylation  of  GSK3p  further  enhances 
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P-catenin/AR  interactions  by  stabilizing  the 
cytoplasmic  expression  of  P-catenin  (Fig.  IB) 
[Sharma  et  al.,  2002;  Mulholland  et  al.,  2006]. 
Whether  this  contributes  to  androgen-depen- 
dent  cell  proliferation  or  survival  has  not  been 
determined. 

Paradigm  4:  Androgen/AR  and  AR- 
coregulators  regulate  the  expression  and 
activity  of  growth  factors  and  growth 
factor  receptors.  Androgen  increases  expres¬ 
sion  of  GFRs  such  as  EGFR  or  growth  factors 
such  as  KGF,  IGF,  EGF,  TGFot,  or  VEGF 
through  enhancing  the  stability  of  mRNA 
expression  or  through  increases  in  gene  tran¬ 
scription  via  AR  co-activators  [Wu  et  al.,  2005b]. 
Thus,  GFRs  could  be  involved  in  an  autocrine 
loop  to  perpetuate  the  activity  of  AR.  In 
addition,  it  is  plausible  that  androgens,  like 
estrogens  or  glucocorticoids,  regulate  the  stabi¬ 
lity  of  integrins  [Ing,  2005]. 

Androgens  not  only  stimulate  the  release  of 
paracrine  stromal  factors,  but  may  also  regulate 
their  activation.  We  demonstrated  that  andro¬ 
gen  suppression  causes  decreased  expression  of 
hepatocyte  activator  inhibitor  (HAI-1)  in  basal 
and  intermediate  cells  of  normal  prostate 
epithelium  [Knudsen  et  al.,  2005].  HAI-1,  a 
transmembrane  serine  protease  inhibitor,  is 
activated  by  androgen-stimulated  cleavage 
from  the  cell  surface  [Martin  et  al.,  2004].  It  is 
an  inhibitor  of  Matriptase  and  Hepsin,  which 
is  over  expressed  in  human  prostate  cancer 
metastasis  and  drives  prostate  metastasis  to 
mouse  bone  [Dhanasekaran  et  al.,  2001;  Oberst 
et  al.,  2001;  Klezovitch  et  al.,  2004;  Herter  et  al., 
2005].  HGF,  the  ligand  for  the  c-Met  receptor, 
is  activated  through  proteolytic  cleavage 
by  Matriptase/Urokinase  and  as  discovered 
recently,  also  by  Hepsin  [Herter  et  al.,  2005; 
Kirchhofer  et  al.,  2005].  Thus,  HGF  activity  is 
regulated  by  androgen  through  HAI-1.  Thus, 
through  regulating  the  activation  and  localiza¬ 
tion  of  HAI-1,  androgen  indirectly  modulates 
the  activity  of  the  HGF/c-Met  axis. 

THERAPEUTIC  OPPORTUNITIES  BASED  ON 
ANDROGEN-REGULATED  GROWTH  FACTOR 
EXPRESSION  AND  CELL  ADHESION 
IN  PROSTATE  CANCER 

Combination  Therapies  With  Androgen 
Ablative  Treatment 

An  attractive  conceptual  approach  for  treat¬ 
ing  advanced  prostate  cancer  is  to  administer 


androgen-ablative  treatment,  and  to  simulta¬ 
neously  target  pro-survival  proteins  that  are 
upregulated  as  a  consequence  of  androgen 
deficiency.  In  addition  to  Bcl-2,  the  expression 
of  Clusterin,  Hsp  27  and  IGFBP-2  and  -5 
increases  in  prostate  cancer  cells  upon  andro¬ 
gen  suppression.  Interestingly,  these  proteins 
strengthen  cell  adhesion.  The  increased  cell 
adhesion  may  provide  a  substantial  survival 
impulse  and  reduce  the  dependence  on  andro¬ 
gen  for  viability.  Under  conditions  of  stress, 
such  as  during  androgen  deficiency,  chemother¬ 
apy,  and  radiation  therapy,  cancer  cells  survive 
through  upregulation  of  cell  adhesion  pathways 
that  when  targeted  lead  to  their  death. 

The  secreted  form  of  Clusterin  is  glycosylated, 
deposited  in  the  extracellular  matrix,  and 
affects  cell  adhesion.  The  precise  mechanism 
by  which  extracellular  Clusterin  mediates  cell 
survival  has  not  been  elucidated,  but  a  mechan¬ 
ism  for  intracellular-expressed  Clusterin  was 
discovered  recently.  In  preclinical  models  of 
prostate  cancer,  Clusterin  antisense  improved 
the  efficacy  of  chemotherapy,  radiation,  and 
androgen  withdrawal  [Miyake  et  al.,  2000]. 
Hsp27  localizes  to  focal  adhesions,  where  it 
binds  the  AR  coregulator  ARA55/Hic-5  [Jia 
et  al.,  2001].  Various  inhibitors  affect  subcellu- 
lar  localization  and  phosphorylation  of  Hsp27, 
thereby  increasing  the  network  of  actin  stress 
fibers  and  numbers  of  focal  adhesions.  Thus,  an 
advantage  of  the  Hsp27  antisense  strategy  is 
that  it  may  affect  cancer  cells  directly  and  also 
inhibits  tumor  growth  through  anti-angiogenic 
activity  [Gleave  et  al.,  2005].  IGFBP-5  and 
IGFBP-2  are  two  members  of  the  IGFBP  family 
of  proteins  whose  expression  increases  upon 
androgen  suppression.  IGFBP-2  and  -5  expres¬ 
sion  rose  in  the  Shionogi  and  LNCaP  xenografts, 
as  well  as  in  prostate  epithelium  in  vivo  when 
androgen  levels  are  reduced.  Our  data  demon¬ 
strate  increased  expression  of  IGFBP-5  in 
castrated  mouse  bone  and  bone  marrow,  sug¬ 
gesting  that  IGFBP-5  could  act  as  a  paracrine 
growth  factor  for  metastatic  prostate  cancer 
cells  (Knudsen,  unpublished  data).  Thus,  tar¬ 
geting  IGFBP-5  would  affect  both  the  cancer 
and  its  environment.  [Chi  and  Gleave,  2004]. 

Integrin  Targeted  Therapies 

A  humanized  monoclonal  antibody  with  spe¬ 
cificity  for  integrin  avp3  has  been  tested  in 
clinical  trials  [Posey  et  al.,  2001;  McNeel  et  al., 
2005].  xv [S3  is  expressed  on  sprouting  blood 
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vessels  and  the  rationale  for  this  targeted 
treatment  approach  is  the  inhibition  of  angio¬ 
genesis.  The  concept  for  using  integrin-directed 
angiogenesis  to  inhibit  the  growth  of  metastatic 
prostate  cancer  is  supported  in  an  elegant 
SCID-human-bone  model  of  prostate  cancer 
bone  metastasis  [Nemeth  et  al.,  1999].  In  this 
animal  model,  the  growth  of  PC3  cells 
implanted  in  fragments  of  human  bone  was 
inhibited  by  administration  of  a  human-specific 
anti-avP3.  The  antibody  reduced  the  growth  of 
human-derived  blood  vessels  and  the  recruit¬ 
ment  of  osteoclasts  by  the  tumor  [Nemeth  et  al., 
2003].  PC3  cells  express  preferentially  xv[Sl  and 
xv [S 5  integrins  and  an  av  siRNA  caused  an 
increase  in  tumor  cell  apoptosis  in  PC3  mouse 
bone  xenografts  [Bisanz  et  al.,  2005].  Once  the 
integrin  repertoire  of  metastatic  prostate  can¬ 
cer  cells  has  been  fully  characterized,  there  is 
hope  that  additional  integrin  targets  suitable 
for  therapeutic  development  will  be  identified. 
The  combined  inhibition  or  cytotoxicity  of 
multiple  cell  types,  including  the  tumor,  will 
be  an  effective  approach  in  the  treatment  of 
metastatic  prostate  cancer. 

SUMMARY 

Cell  adhesion  to  the  substratum  is  a  critical 
cofactor  for  proliferation  and  survival  of  epithe¬ 
lial  cells.  During  the  development  of  prostate 
cancer,  malignant  luminal  epithelial  cells  tran¬ 
sition  from  cell-cell  adhesion  to  cell-substra¬ 
tum  adhesion.  In  normal  epithelium  signals 
from  cell  adhesion  and  AR  are  separated  into 
different  cell  layers;  however,  in  cancer  cells 
they  are  co-expressed.  Therefore,  the  engage¬ 
ment  of  integrins  in  prostate  cancer  cells, 
namely  a6pi  and  a3pi  and  their  prostate  cancer 
variants  piA  and  oc6p,  may  drastically  alter  the 
cells’  interpretation  of  growth  factor  signals  and 
the  activity  of  the  AR.  Signals  from  cell  surface 
integrins  and  GFRs  increase  during  tumor 
progression  and  interact  with  the  AR  to  mod¬ 
ulate  its  transcriptional  activity  through  AR 
phosphorylation,  AR  co-activator  regulation,  or 
through  regulation  of  other  transcription  fac¬ 
tors,  such  as  FOXO,  p-catenin,  and  NFkB. 
These  interactions  may  be  responsible  for 
changing  the  functional  activity  of  the  AR  from 
differentiation  and  secretion  in  normal  epithe¬ 
lium  to  proliferation  and  survival  in  cancer. 
Despite  the  notion  that  cell  adhesion  is  a  critical 
component  of  prostate  cancer  progression,  there 


is  currently  little  known  about  the  changes  in 
integrin  expression  during  prostate  cancer 
progression  and  in  metastatic  cancer  cells. 
Due  to  the  absence  of  tissue-based  analysis,  we 
can  only  speculate  about  the  role  of  integrins 
in  mediating  tumor  growth  and  progression 
to  androgen-independent,  treatment-refractory 
prostate  cancer.  Interestingly,  recently  identi¬ 
fied  treatment  targets  that  are  upregulated  by 
androgen  suppression  have  an  impact  on  cell 
adhesion.  It  is  likely  that  integrin  expression 
increases  on  the  surface  of  metastatic  cancer 
cells  and  there  maybe  forms  of  integrins  that  are 
cancer  specific;  therefore,  these  cell  surface 
receptors  may  constitute  promising  therapeutic 
targets.  Thus,  studying  their  expression  and 
function  in  locally  invasive  and  metastatic 
prostate  cancer  is  critical  for  the  development 
of  better  therapeutic  approaches  against  meta¬ 
static  prostate  cancer. 
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In  vivo  in  the  prostate  gland,  basal  epithelial  cells  adhere  to  laminin  5  (LM5)  via  a3j31  and  a6j34  integrins.  When  placed 
in  culture  primary  prostate  basal  epithelial  cells  secrete  and  adhere  to  their  own  LM5-rich  matrix.  Adhesion  to  LM5  is 
required  for  cell  survival  that  is  dependent  on  integrin-mediated,  ligand-independent  activation  of  the  epidermal  growth 
factor  receptor  (EGFR)  and  the  cytoplasmic  tyrosine  kinase  Src,  but  not  PI-3K.  Integrin-mediated  adhesion  via  «3/31,  but 
not  «6/34  integrin,  supports  cell  survival  through  EGFR  by  signaling  downstream  to  Erk.  PC3  cells,  which  do  not  activate 
EGFR  or  Erk  on  LM5-rich  matrices,  are  not  dependent  on  this  pathway  for  survival.  PC3  cells  are  dependent  on  PI-3K  for 
survival  and  undergo  caspase-dependent  death  when  PI-3K  is  inhibited.  The  death  induced  by  inhibition  of  EGFR  or  Src 
in  normal  primary  prostate  cells  is  not  mediated  through  or  dependent  on  caspase  activation,  but  depends  on  the 
induction  of  reactive  oxygen  species.  In  addition  the  presence  of  an  autophagic  pathway,  maintained  by  adhesion  to 
matrix  through  a3/31  and  «6/I4,  prevents  the  induction  of  caspases  when  EGFR  or  Src  is  inhibited.  Suppression  of 
autophagy  is  sufficient  to  induce  caspase  activation  and  apoptosis  in  LM5-adherent  primary  prostate  epithelial  cells. 


INTRODUCTION 

In  vivo,  the  precise  regulation  of  epithelial  cell  homeostasis 
involves  interactions  between  cells  and  their  microenviron¬ 
ment.  Cells  receive  signals  from  both  the  extracellular  matrix 
in  the  basement  membrane  and  soluble  factors  secreted  by 
the  stroma  that  precisely  control  the  timing  of  cell  division, 
growth  arrest,  differentiation,  and  survival.  Integrins  on  the 
cell  surface  that  interact  with  laminin  5  (LM5)  in  the  extra¬ 
cellular  matrix,  such  as  a3j31  and  a6j84,  are  critically  in¬ 
volved  in  mediating  survival.  Genetic  loss  of  LM5,  or  its 
receptors  a3,  «6,  or  /34  integrins,  in  vivo  results  in  cell 
detachment  and  induction  of  caspase-mediated  apoptosis, 
even  in  the  presence  of  soluble  factors  (Ryan  et  ah,  1999; 
DiPersio  et  ah,  2000).  This  detachment-induced  form  of  ap¬ 
optosis  has  been  termed  anoikis  (Frisch  and  Screaton,  2001). 
In  vitro  anoikis  can  be  rescued  by  expression  of  an  activated 
form  of  FAK,  Rac,  or  Akt  (Frisch  et  ah,  1996;  Rytomaa  et  ah, 
2000;  Coniglio  et  at.,  2001),  suggesting  that  integrin-mediated 
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signaling  through  these  molecules  is  required  to  maintain 
cell  survival.  However,  studies  in  which  specific  signaling 
pathways  are  inhibited  while  integrins  are  still  engaged 
suggest  alternative  pathways,  such  as  Ras/Erk  or  Jnk,  are 
required  for  integrin-mediated  survival  (Almeida  et  ah,  2000; 
Manohar  et  ah,  2004).  Whether  signaling  from  multiple  path¬ 
ways  is  involved  in  mediating  integrin-dependent  survival 
and  whether  different  pathways  are  unique  to  specific  cell 
types  have  not  been  extensively  investigated. 

In  addition  to  classical  caspase-mediated  apoptosis,  such 
as  that  observed  during  anoikis,  several  other  mechanisms 
of  cell  death  have  been  described  (Melino  et  ah,  2005).  Other 
forms  of  cell  death  include  caspase-independent  cell  death, 
autophagy,  or  comification.  The  role  of  integrins  in  regulat¬ 
ing  cell  survival  through  suppression  of  these  other  death 
pathways  is  unknown.  However,  some  of  the  same  integrin- 
induced  signal  transduction  pathways  that  have  been  linked 
to  survival  are  also  important  for  regulating  these  alterna¬ 
tive  cell  death  pathways.  For  example  the  Ras/Erk  and 
PI-3K  pathways  act  as  positive  and  negative  regulators, 
respectively,  of  autophagy  in  several  cell  types  (Kondo  et  ah, 
2005).  Additionally,  epithelial  cells  have  been  shown  to  un¬ 
dergo  death  by  comification  in  response  to  inhibition  of  Erk 
and  Jnk,  but  not  PI-3K  (Uzgare  and  Isaacs,  2004).  Finally, 
death  induced  by  over  expression  of  Ras,  or  suppression  of 
Raf  in  melanoma  cells  leads  to  caspase-independent  cell 
death  (Chi  et  ah,  1999;  Panka  et  ah,  2006).  Whether  integrin- 
induced  activation  of  specific  signaling  pathways  plays  a 
role  in  regulating  any  of  these  cell  death  mechanisms  has  not 
been  determined. 
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Although  studies  with  various  established  cell  lines  have 
been  extremely  useful  for  elucidating  potential  signaling 
pathways  involved  in  integrin-mediated  survival,  it  is  im¬ 
portant  to  place  the  findings  in  the  context  of  a  defined 
organ  system  where  the  specific  cell  type,  the  integrins  ex¬ 
pressed,  and  the  matrix  being  studied  are  better  defined. 
Basal  epithelial  cells  in  the  prostate  gland  express  a6/34  and 
a3j81  integrins  and  adhere  to  a  basement  membrane  rich  in 
LM5  (Knox  et  al.,  1994).  When  these  cells  are  placed  in 
culture  they  retain  in  vitro  a  majority  of  the  properties  seen 
in  vivo,  including  the  ability  to  secrete  and  organize  their 
own  LM5-rich  matrix  (Gmyrek  et  al.,  2001;  Yu  et  al.,  2004). 

Our  work  and  that  of  others  have  demonstrated  that 
integrin  engagement  is  sufficient  to  activate  receptor  ty¬ 
rosine  kinases  (Plopper  et  al.,  1995;  Miyamoto  et  al.,  1996; 
Wang  et  al.,  1996;  Moro  et  al.,  1998;  Danilkovitch-Miagkova 
et  al.,  2000;  Kuwada  and  Li,  2000;  Marcoux  and  Vuori,  2003; 
Bill  et  al.,  2004).  We  demonstrated  that  adhesion  of  normal 
epithelial  cells  to  matrix  is  sufficient  to  induce  activation  of 
the  epidermal  growth  factor  receptor  (EGFR),  independently 
of  ligand  (Bill  et  al.,  2004).  In  addition,  we  demonstrated  that 
integrin-mediated  activation  of  a  subset  of  signaling  path¬ 
ways,  namely  the  Ras/Erk  and  PI-3K/Akt  pathways,  are 
dependent  on  integrin-induced  EGFR  activation.  Because 
both  of  these  pathways  have  been  implicated  in  regulating 
integrin-mediated  survival,  we  hypothesized  that  integrin- 
mediated  survival  of  epithelial  cells  via  Ras/Erk  or  PI-3K/ 
Akt  pathways  could  be  mediated  through  integrin-depen- 
dent  activation  of  EGFR.  To  test  this  hypothesis,  we  assessed 
the  ability  of  primary  prostate  epithelial  cells  (PECs)  adher¬ 
ent  to  their  endogenous  LM5-rich  matrix  to  survive  in  the 
context  of  EGFR  and  downstream  signaling  inhibitors. 

MATERIALS  AND  METHODS 
Antibodies 

EGFR  immunoprecipitating  and  blocking  monoclonal  antibodies  were  puri¬ 
fied  in  the  Monoclonal  Antibody  Core  at  VARI  from  hybridoma  cells  obtained 
from  American  Type  Culture  Collection  (ATCC;  Manassas,  VA;  HB-8508). 
EGFR  (Abl2)  immunoblotting  antibodies  were  purchased  from  NeoMarkers 
(Fremont,  CA).  Erk  and  pl30Cas  antibodies  were  purchased  from  Becton- 
Dickinson  Transduction  Labs  (Lincoln  Park,  NJ).  Phospho-specific  antibodies 
against  Erkl/2  (T202/Y204)  and  Akt  (S473)  and  antibodies  to  Bcl-2  and 
Bcl-XL  were  purchased  from  Cell  Signaling  (Beverly,  MA).  The  anti-phospho- 
tyrosine  mAb  4G10  was  obtained  from  Upstate  Biotechnology  (Lake  Placid, 
NY).  The  Akt  antibody  was  described  previously  (Bill  et  al.,  2004).  Blocking 
antibodies  for  /34  integrin  (ASC-8)  and  a3  integrin  (P1B5)  were  purchased 
from  Chemicon  (Temecula,  CA)  and  GoH3  a6  integrin  antibody  was  obtained 
from  Becton-Dickinson. 

Cell  Culture 

Primary  cultures  of  human  PECs  were  derived  from  normal  human  prostatic 
tissue  and  cultured  as  described  previously  (Gmyrek  et  al,  2001).  Human 
samples  were  obtained  after  institutional  IRB  approval.  PECs  were  main¬ 
tained  in  Keratinocyte-SFM  medium  (Invitrogen,  Carlsbad,  CA)  supple¬ 
mented  with  bovine  pituitary  extract  and  epidermal  growth  factor  (EGF).  All 
experiments  were  conducted  on  cells  between  passages  3  and  5.  PC3  cells 
were  obtained  from  ATCC.  PC3  cells  were  maintained  in  F12K  medium 
(Invitrogen)  supplemented  with  10%  fetal  bovine  serum,  2  mM  glutamine,  50 
U  of  penicillin,  and  50  mg  of  streptomycin/ ml. 

Integrin  Signaling 

Preparation  of  cells  for  adhesion  to  extracellular  matrices  was  carried  out  as 
described  in  Miranti  (2002).  Briefly,  cells  were  growth  factor-starved  for  48  h, 
trypsinized,  treated  with  soybean  trypsin  inhibitor  (Invitrogen),  washed  in 
PBS,  and  placed  in  suspension  in  growth  factor-free  medium  for  30-60  min. 
Cells  were  then  either  plated  on  tissue  culture  plates  blocked  with  1%  BSA 
(Sigma,  St.  Louis,  MO)  to  allow  deposition  of  endogenous  LM5-rich  matrix  or 
directly  replated  on  LM5-coated  plates  obtained  from  culturing  PECs  as 
described  previously  for  LM5-secreting  cells  (Xia  et  al.,  1996).  In  some  cases, 
PC3  cells  were  also  plated  on  laminin  1  (LM1;  Invitrogen).  Similar  results 
were  obtained  in  PC3  cells  on  LM1  as  on  LM5.  Occasionally  cells  were  also 
treated  with  2-10  ng/ml  EGF  (Upstate  Biotechnology)  or  50  ng/ml  HGF 


(Calbiochem,  La  Jolla,  CA)  for  10  min.  A  suspension  control  was  maintained 
at  37°C.  Two  hours  after  plating  on  the  matrix  cells  were  lysed  either  in  Triton 
X-100  (50  mM  Tris,  pH  7.5, 100  mM  NaCl,  0.5  mM  EDTA,  1%  Triton  X-100,  50 
mM  NaF,  50  mM  j3-glycerophosphate,  5  mM  sodium  pyrophosphate,  1  mM 
Na3V04, 1  mM  PMSF,  100  U/ml  aprotinin,  10  /xg/ml  pepstatin,  and  10  /xg/ml 
leupeptin)  or  RIPA  (10  mM  Tris,  pH  7.2,  158  mM  NaCl,  1  mM  EDTA,  0.1% 
SDS,  1%  NaDOC,  1%  Triton  X-100,  1  mMNa3V04,  1  mM  PMSF,  100  U  ml 
aprotinin,  10  /xg/ml  pepstatin,  and  10  /xg/ml  leupeptin)  buffers.  Pharmaco¬ 
logical  inhibitors,  PD168393,  AG1478,  LY294002,  SU6656,  or  PP2,  purchased 
from  Calbiochem,  were  added  to  suspension  cells  20  min  before  plating  on 
matrix;  except  for  SU6656,  which  was  added  16  h  before  placing  cells  in 
suspension.  All  working  concentrations  of  the  pharmacological  inhibitors 
were  determined  by  titrating  to  the  minimum  inhibitor  concentration  that 
effectively  blocked  the  target  of  the  pharmacological  inhibitor  for  the  duration 
of  our  experiments.  Inhibitor  effectiveness  was  monitored  by  Western  blot¬ 
ting.  Specifically,  PD168393  and  AG1478  were  tested  for  their  ability  to  inhibit 
EGFR  tyrosine  phosphorylation,  pl30Cas  tyrosine  phosphorylation  (a  Src 
substrate)  was  used  to  test  SU6656  and  PP2,  phosphorylation  of  Akt  was  used 
for  LY294002,  and  U0126  was  tested  against  phosphorylated  Erk.  Titrations 
were  performed  for  each  drug  in  each  cell  type. 

Antibody  Blocking  Assays 

Blocking  Integrins.  For  integrin  blocking  studies,  PECs  were  starved  and 
placed  in  suspension  and  then  plated  on  1%  bovine  serum  albumin  (BSA)- 
blocked  eight-chamber  slides  in  the  presence  of  10  /xg/ml  blocking  anti-/34 
integrin  antibody  (ASC-8),  anti-a3  integrin  antibody  (P1B5),  anti-a6  integrin 
antibody  (GoH3),  or  IgG.  Cells  were  allowed  to  adhere  to  endogenous  LM5- 
rich  matrix  for  48-72  h  in  the  presence  of  the  indicated  antibodies.  Cells  were 
monitored  for  viability  by  Annexin  V  staining,  caspase  activation,  autophagy 
induction  with  LC3-GFP,  or  for  Erk  activation  by  immunoblotting. 

Blocking  EGF  Binding.  Thirty  minutes  before  plating,  growth-factor-starved 
PEC  suspension  cells  were  pretreated  with  0-10  /xg/ml  mAb  to  EGFR  (AB225 
[HB-8508,  ATCC])  or  10  /xg/ml  nonspecific  mouse  IgG  for  30  min  with 
occasional  mixing.  Cells  were  allowed  to  adhere  to  LM5-rich  matrix  in  the 
presence  or  absence  of  2  ng/ml  EGF  for  2  h.  Cells  were  lysed,  and  EGFR 
tyrosine  phosphorylation  and  Erk  activation  were  monitored  in  immunopre- 
cipitates  or  cell  lysates,  respectively. 

Cell  Survival  Assays.  PECs  were  starved  and  placed  in  suspension  as  de¬ 
scribed  above  and  then  plated  on  1%  BSA-blocked  tissue  culture  plates  to 
allow  deposition  and  adhesion  to  endogenous  LM5  matrix.  Serum-starved 
PC3  cells  were  plated  on  1%  BSA-blocked  tissue  culture  plates  precoated  with 
10  /xg/ml  laminin.  Pharmacological  inhibitors,  1  /xM  staurosporine  (Promega, 
Madison,  WI),  0.5  /xM  PD168393,  1  pM  AG1478,  10  pM  U0126,  10  /xM 
LY294002,  0.5-2  /xM  SU6656,  10  /xM  PP2,  50  /xM  butylated  hydroxyanisole 
(BHA),  1.25  mM  N-acetylcysteine  (NAC),  or  10  mM  3-methyladenine  (3MA), 
were  then  added.  Cells  were  allowed  to  adhere  for  4  h  and  then  nonadherent 
cells  were  removed  and  drugs  were  replaced.  Cells  were  incubated  for  an 
additional  72  h.  LY294002  was  replenished  48  h  after  plating. 

To  assess  cell  death,  cells  were  stained  with  Annexin  V  using  a  kit  obtained 
from  Molecular  Probes  (Invitrogen).  Staining  was  carried  out  according  the 
supplied  protocols.  For  all  staining  procedures  both  attached  and  floating 
cells  were  collected.  Attached  cells  were  removed  by  trypsinization  and 
pooled  with  floating  cells,  and  all  cells  were  washed  one  time.  For  Annexin  V 
staining,  cells  were  resuspended  in  Annexin  binding  buffer  (10  mM  HEPES, 
140  mM  NaCl,  2.5  mM  CaCl,  pH  7.4)  containing  Alexa-fluor- conjugated 
Annexin  V  and  incubated  in  the  dark  for  15  min.  Samples  were  put  on  ice  and 
immediately  analyzed.  Extent  of  staining  was  monitored  by  fluorescence- 
activated  cell  sorting  (FACS)  using  a  FACS  Caliber  (Becton-Dickinson)  and 
CellQuest  version  3.1.3  acquisition  and  analysis  software  (Becton-Dickinson) 
immediately  after  staining.  On  several  occasions  Annexin  V  staining  was  also 
monitored  in  adherent  cells  (without  trypsinization)  by  microscopy  using  a 
Nikon  Eclipse  TE300  fluorescence  microscope  (Melville,  NY)  and  OpenLab 
version  3.1.7  image  analysis  software  (Improvision,  Lexington,  MA). 

Caspase  Activity  Assays.  Caspase  3  and  7  activity  in  PEC  and  PC3  cells  was 
directly  measured  using  a  CaspaseGlo  3/7  kit  (Promega)  following  the  man¬ 
ufacturer's  suggested  protocol.  For  PECs  10,000  cells/ well  were  plated  on 
endogenous  LM5  in  BSA-coated  96-well  plates  in  the  presence  of  DMSO,  1 
/xM  staurosporine  (Promega),  0.5  /xM  PD1 68393,  10  /xM  PP2,  or  10  mM  3MA, 
with  or  without  20  /xM  zVAD  (Promega).  For  PC3  cells,  10,000  cells/ well  were 
plated  on  1%  BSA  blocked  96-well  plates  precoated  with  10  /xg/ml  laminin, 
respectively.  Cells  were  plated  in  the  presence  of  DMSO,  1  /xM  staurosporine, 
0.5  /xM  PD168393,  10  pM  LY294002,  2  /xM  SU6656,  and  10  /xM  PP2.  Caspa¬ 
seGlo  reagent  was  added  at  various  times  after  inhibitor  treatment  and 
incubated  for  1  h  at  room  temperature  in  the  dark.  Relative  light  intensity  was 
measured  in  each  well  using  a  Fluoroskan  Assent  FL  fluorometer  and  soft¬ 
ware  (Labsystems,  Franklin,  MA). 

Immunoprecipitation  and  Immunoblotting.  Immunoprecipitation  mixtures 
containing  500-1000  /xg  protein  were  incubated  with  the  appropriate  anti- 
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bodies  for  3  h  at  4°C  with  either  protein  A-  or  protein  G- conjugated  agarose 
beads  (Pierce,  Rockford,  IL)  to  capture  the  complexes.  All  immunoprecipi- 
tated  complexes  were  washed  three  times  with  their  respective  lysis  buffer. 
Immunoprecipitated  samples  from  adhesion  assays  were  resuspended  in  2X 
SDS  sample  buffer.  In  some  cases  50-75  /rg  of  total  cell  lysates  were  placed 
directly  in  2X  SDS  sample  buffer.  All  resuspended  samples  were  boiled  and 
subjected  to  SDS-PAGE,  transferred  to  a  polyvinylidene  difluoride  (PVDF) 
membrane.  The  PVDF  membranes  were  blocked  with  5%  BSA  in  Tris-buffered 
saline  containing  0.1%  Tween  20  (TBST)  for  2  h,  followed  by  a  2-h  incubation 
with  the  appropriate  primary  antibodies  in  5%  BSA/TBST.  After  several 
washes,  blots  were  incubated  with  a  horseradish  peroxidase- conjugated  sec¬ 
ondary  antibody  (Bio-Rad,  Richmond,  CA)  for  1  h  in  5%  BSA/TBST  and 
visualized  with  a  chemiluminescence  reagent  and  captured  by  a  CCD  camera 
in  a  Bio-Rad  Chemi-Doc  Imaging  System.  Levels  of  activation,  relative  to  total 
levels  of  protein,  from  blots  captured  by  CCD  camera  were  quantified  using 
Quantity  One  software  (Bio-Rad).  Blots  were  stripped  in  low-pH  2%  SDS  at 
65°C  for  60  min,  rinsed,  and  reprobed  for  total  levels  of  protein  in  the 
immunoprecipitates  or  cell  lysates. 
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Autophagy  Assay.  LC3-GFP  in  the  pBABE  expression  vector  was  kindly 
provided  by  Dr.  Jay  Debnath  (University  of  California,  San  Francisco,  CA). 
The  LC3-GFP  cDNA  BamHI/Sall  restriction  fragment  was  subcloned  into  the 
Bglll  and  Sail  restriction  sites  of  pShuttle-CMV  (Strategene,  La  Jolla,  CA). 
pAd-Easy  (Strategene)  adenoviral  recombinants  containing  LC3-green  fluo¬ 
rescent  protein  (GFP)  were  generated  in  BJ5183-AD1  bacteria.  HEK293  cells 
were  transfected  with  adenoviral  recombinant  DNA  and  adenoviruses  puri¬ 
fied  using  a  kit  from  Clontech  and  titrated  by  GFP  expression  in  PECs. 

PECs  were  infected  at  an  moi  of  2  with  adenoviruses  expressing  LC3-GFP 
fusion  protein.  Twenty-four  hours  later,  cells  were  growth  factor-starved  or 
left  in  complete  medium  and  allowed  to  adhere  to  their  own  LM5.  For 
antibody  blocking  experiments,  antibodies  were  added  at  the  time  plating  on 
matrix.  Localization  of  LC3-GFP  was  monitored  by  standard  fluorescence 
microscopy  at  24  and  48  h  after  plating  using  a  Nikon  Eclipse  TE300  fluores¬ 
cence  microscope  and  OpenLab  version  3.1.7  image  analysis  software  (Im- 
pro  vision). 


RESULTS 

Integrin  Engagement  in  PECs  Activates  EGFR  Independent 
of  Ligand 

Primary  PECs  derived  from  prostectomy  tissues,  when  placed 
in  serum-free  culture,  secrete  and  organize  an  extracellular 
matrix  containing  LM5  within  2-3  h  after  plating  (Yu  et  al., 
2004).  Adhesion  of  PECs  to  this  LM5-rich  matrix  induces 
activation  of  the  ErbB  family  receptor  tyrosine  kinase  EGFR 
(Figure  1A)  and  its  downstream  target  Erk  (Figure  IB). 
Adhesion  to  the  LM5-rich  matrix  failed  to  stimulate  detect¬ 
able  levels  of  Akt  activation  (Figure  1C).  However,  Akt  was 
activated  by  treatment  with  EGF  or  human  growth  factor 
(HGF),  demonstrating  that  the  PI-3K/ Akt  pathway  is  intact 
in  these  cells.  Inhibition  of  EGFR  activity  with  the  EGFR- 
specific  inhibitors  AG1478  (not  shown)  or  PD168393  blocked 
integrin-induced  EGFR  tyrosine  phosphorylation  (Figure 
1A)  and  downstream  signaling  to  Erk  (Figure  IB).  Thus 
integrin-mediated  activation  of  Erk  on  LM5-rich  matrix  is 
dependent  on  EGFR. 

Src  kinases  have  been  implicated  in  regulating  integrin-me¬ 
diated  activation  of  receptor  tyrosine  kinases  (Danilkovitch- 
Miagkova  et  al.,  2000;  Moro  et  al.,  2002);  however,  in  PECs, 
inhibition  of  Src  activation  by  the  Src  kinase-specific  inhib¬ 
itor  SU6656  (Blake  et  al.,  2000)  had  no  effect  on  EGFR  acti¬ 
vation  or  its  downstream  target  Erk  (Figure  1,  A  and  B). 
Inhibition  of  Src  did  block  integrin-mediated  activation  of  its 
downstream  substrate  pl30Cas  (Figure  ID).  Reciprocally 
inhibition  of  EGFR  did  not  block  integrin-mediated  tyrosine 
phosphorylation  of  the  Src  substrate  pl30Cas.  These  data 
demonstrate  that  adhesion  of  PECs  to  LM5-rich  matrix  reg¬ 
ulates  two  independent  signaling  pathways:  one  that  acti¬ 
vates  EGFR,  independent  of  ligand,  and  signals  to  Erk  and 
one  that  activates  Src  and  its  downstream  target  pl30Cas, 
independently  of  EGFR. 

To  rule  out  the  possibility  that  residual  EGF  was  respon¬ 
sible  for  activation  of  EGFR  and  Erk,  we  used  a  blocking 
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Figure  1.  Integrin-mediated  signaling  on  LM5  in  PECs.  (A-E) 
Growth  factor-starved  PECs  were  placed  in  suspension  (S)  and 
treated  with  DMSO  (-),  0.5  /xM  PD168393  (PD),  or  0.5  juM  SU6656 
(SU)  before  plating  on  LM5  (LM)  for  2  h.  (A)  EGFR  or  (D)  pl30Cas 
were  immunoprecipitated  (IP)  and  levels  of  tyrosine  phosphoryla¬ 
tion  were  monitored  by  immunoblotting  with  anti-phosphotyrosine 
antibodies  (P-Tyr  Blot).  (B)  Erk  and  (C)  Akt  activation  were  moni¬ 
tored  by  immunoblotting  of  whole  cell  extracts  with  the  anti-Erk 
(T202/Y204)  and  anti- Akt  (S473)  phospho-specific  antibodies  (P-Erk 
Blot,  P-Akt  Blot).  Some  cells  were  treated  with  10  ng/ml  EGF  or  50 
ng/ml  HGF  for  10  min.  (E)  PECs  placed  in  suspension  were  left 
untreated  (0),  treated  with  2-10  pg  anti-EGFR  antibody  (jug  Ab),  or 
treated  with  nonspecific  IgG  (Ig)  for  30  min  before  plating  on  LM5. 
At  the  time  of  plating  2  ng/ml  EGF  was  added  (+EGF)  to  some 
samples.  EGFR  activation  was  monitored  in  immunoprecipitates  by 
immunoblotting  with  anti-phosphotyrosine  antibodies  (P-Tyr  Blot). 
Erk  activation  was  monitored  by  immunoblotting  of  whole  cell 
extracts  with  anti-Erk  phospho-specific  antibodies  (P-Erk  Blot).  To¬ 
tal  levels  of  each  protein  in  the  immunoprecipitates  and  cell  lysates 
were  measured  by  immunoblotting  of  stripped  blots  with  the  indi¬ 
cated  antibodies.  Levels  of  EGFR  and  Erk  activation  relative  to  total 
protein  levels  were  quantified  using  Quantity  One  software  (Bio- 
Rad)  and  are  displayed  to  the  right  of  the  respective  blots.  (F)  Fifty 
micrograms  of  whole  cell  extracts  from  PEC  or  PC3  cells  were 
analyzed  for  EGFR  levels  by  immunoblotting.  (G-I)  PC3  cells  were 
serum-starved  and  placed  in  suspension  and  treated  with  DMSO 
(-),  0.5  pM  PD168393,  or  1  pM  AG1478  before  plating  on  LM5  (LM) 
for  1  h.  Some  cells  were  also  treated  with  2  ng/ml  EGF  (+EGF)  for 
10  min.  (G)  EGFR  was  immunoprecipitated  (IP)  and  levels  of  ty¬ 
rosine  phosphorylation  monitored  by  immunoblotting  (P-Tyr  Blot). 
(H)  Erk  and  (I)  Akt  activation  were  monitored  by  immunoblotting 
of  whole  cell  extracts  with  anti-Erk  and  anti-Akt  phospho-specific 
antibodies  (P-Erk  Blot,  P-Akt  Blot). 


antibody  that  prevents  EGF  binding  to  EGFR,  and  thus 
EGFR  activation  by  EGF.  Stimulation  of  PECs  with  EGF 
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effectively  activates  EGFR  and  Erk  in  PECs.  Pretreatment  of 
PECs  with  the  EGFR  blocking  antibody  did  not  significantly 
inhibit  integrin-induced  activation  of  EGFR  or  Erk  (Figure 
IE).  In  contrast,  the  same  EGFR-blocking  antibody  blocked 
EGF-induced  activation  of  EGFR  and  Erk,  thereby  reducing 
its  activation  to  similar  levels  seen  on  matrix  alone  (Figure 
IE).  These  data  indicate  that  the  ability  of  integrins  to  acti¬ 
vate  EGFR  occurs  independently  of  EGFR  ligand. 

The  ability  of  integrins  to  activate  Erk  in  epithelial  cells  is 
dependent  on  EGFR  activation  and  is  regulated  in  part  by 
the  level  of  EGFR  expression  (Moro  et  al,  1998;  Bill  et  al., 
2004).  For  instance,  over  expression  of  EGFR  in  fibroblasts 
(where  Erk  activation  is  not  dependent  on  EGFR)  leads  to 
EGFR-dependent  Erk  activation  in  fibroblasts  (Moro  et  al., 
1998).  Adhesion  of  the  epithelial  cell  line  PC3,  which  ex¬ 
presses  threefold  less  EGFR  than  PECs  (Figure  IF),  to  the 
LM5-rich  matrix  produced  by  PECs  fails  to  activate  EGFR  or 
Erk  (Figure  1,  G  and  H).  EGFR  is  active  in  PC3  cells  because 
stimulation  with  EGF  activates  both  EGFR  and  Erk.  In  con¬ 
trast,  adhesion  to  matrix  does  not  increase  Akt  activation, 
which  is  partially  constitutively  activated  (Figure  II).  This 
is  likely  due  to  the  loss  of  Pten  expression  in  these  cells 
(Vlietstra  et  al.,  1998).  Consequently,  constitutively  active 
Akt  is  not  blocked  by  EGFR  inhibition.  Thus,  we  predict  that 
survival  of  these  two  cell  lines  on  LM5-rich  matrix  is  likely 
to  be  mediated  by  different  signaling  pathways. 

EGFR  and  Src  Independently  Regulate  lntegrin-mediated 
Cell  Survival  in  PECs 

Treatment  of  LM5-rich  adherent  PECs  with  two  EGFR-spe- 
cific  inhibitors,  AG1478  or  PD168393,  results  in  the  induction 
of  cell  death  as  measured  by  Annexin  V  staining  (Figure  2,  A 
and  B).  Maximal  Annexin  V  staining  is  observed  72  h  after 
drug  treatment  and  occurs  in  over  85%  of  the  cells  (Figure 
2A).  Inhibition  of  Erk  activation,  the  downstream  target  of 
EGFR,  with  U0126,  but  not  inhibition  of  PI-3K  with 
LY294002,  induced  cell  death  to  the  same  extent  as  loss  of 
EGFR  signaling  (Figure  2C).  Together  with  the  signaling 


data  shown  in  Figure  1  these  findings  indicate  that  Erk 
signaling  downstream  of  EGFR  is  required  for  PEC  survival 
on  LM5-rich  matrix.  Inhibition  of  Src  by  SU6656  or  PP2  also 
induced  cell  death  (Figure  2,  B  and  C),  with  a  time  course 
and  effectiveness  that  is  similar  to  that  seen  with  EGFR  or 
Erk  inhibition.  Simultaneous  inhibition  of  EGFR  and  Src  did 
not  increase  the  amount  of  cell  death  observed  (Figure  2C), 
suggesting  that  although  these  molecules  lie  on  separate 
signaling  pathways  (see  Figure  1),  they  may  regulate  cell 
survival  through  a  similar  downstream  mechanism.  All 
drugs  were  effective  at  inhibiting  their  respective  signal¬ 
ing  pathways  at  the  concentrations  used  (see  Methods  and 
Materials). 

lntegrin-mediated  Survival  in  PC3  Cells  Is  Not 
EGFR-dependent 

In  our  studies  we  observed  that  adhesion  of  PC3  cells  to 
LM5  (or  LM1),  does  not  induce  the  activation  of  EGFR  or 
signal  downstream  to  activate  Erk  (see  Figure  1,  G  and  H). 
Accordingly,  inhibition  of  EGFR  does  not  induce  significant 
cell  death  in  PC3  cells  as  measured  by  Annexin  V  staining 
(Figure  2D). 

PC3  cells  do  not  express  the  PI-3K/ Akt  inhibitor  Pten,  and 
consequently  Akt  is  activated  independent  of  matrix  in  PC3 
cells  and  is  not  blocked  when  EGFR  signaling  is  inhibited 
(Figure  1H).  However,  inhibition  of  the  PI-3K  pathway  with 
LY294002  induced  cell  death  in  LM-adherent  PC3  cells  (Fig¬ 
ure  2D).  The  extent  of  cell  death  induced  by  inhibition  of 
PI-3K  in  PC3  cells  was  only  twofold  compared  with  the 
fourfold  increase  observed  with  inhibition  of  EGFR  in  PECs, 
suggesting  that  other  mechanisms  might  be  involved  in 
regulating  PC3  cell  survival  on  matrix.  We  blocked  Src  sig¬ 
naling  in  PC3  cells  with  either  SU6656  or  PP2  and  found  that 
integrin-mediated  survival  in  PC3  cells,  like  PECs,  is  also 
dependent  on  Src  (Figure  2D).  Inhibition  of  Src  resulted  in  a 
three  to  fourfold  increase  in  cell  death.  Thus  cells  that  are 
able  to  activate  EGFR/Erk  signaling  on  LM5  are  dependent 
on  this  pathway  for  survival.  Cells  unable  to  activate  the 
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Figure  2.  Integrin-induced  activation  of  EGFR  and  Src 
is  required  for  LM5-mediated  survival.  PECs  were 
growth  factor-starved  for  48  h  and  placed  in  suspension 
for  30  min.  Cells  were  allowed  to  adhere  to  LM5  in  the 
absence  or  presence  of  1  pM  AG1478  (AG),  0.5  pM 
PD168393  (PD),  10  pM  U0126  (U0),  10  pM  LY294002 
(LY),  0.5  pM  SU6656  (SU),  or  10  pM  PP2  (PP2)  for  4  h 
and  then  nonadherent  cells  were  washed  away,  and 
drugs  were  replaced.  (A)  Percent  Annexin  V  staining 
was  quantified  by  FACS  at  0,  24,  48,  or  72  h  after 
inhibition  of  EGFR  with  AG1478  (AG)  or  (B)  visualized 
by  phase-contrast  and  fluorescence  microscopy  after 
72  h  of  treatment  with  PD168393  (PD)  or  SU6656  (SU). 
(C)  Percent  Annexin  V  staining  72  h  after  treatment  of 
PECs  with  PD168393  (PD),  AG1478  (AG),  U0126  (U0), 
SU6656  (SU),  PP2  (PP2),  LY924002  (LY),  or  both  PD  and 
PP2  was  quantified  by  FACS.  (D)  Growth  factor-starved 
PC3  cells  were  placed  in  suspension  and  pretreated 
with  DMSO,  0.5  pM  PD168393  (PD),  10  pM  LY294002 
(LY),  2  pM  SU6656  (SU),  or  10  pM  PP2  (PP2).  Cells  were 
analyzed  for  percent  Annexin  V  staining  by  FACS  72  h 
after  plating  on  laminin.  Error  bars,  SD;  n  =  4;  *p  < 
0.001  compared  with  DMSO  control. 
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Integrin-mediated  Survival  Requires  EGFR 


Figure  3.  a3  integrin  regulates  survival  in  PECs. 
(A)  PECs  were  kept  in  suspension  in  complete  me¬ 
dium  for  8  h.  At  0,  1,  2,  3,  6,  and  8  h  after  being 
suspended,  a  sample  of  cells  was  removed  and  an¬ 
alyzed  for  Annexin  V  positivity  by  FACS.  (B-D) 
PECs  were  growth  factor-starved  for  48  h  and 
placed  in  suspension  for  30  min.  At  the  time  of 
plating  on  LM5,  PECs  were  treated  with  anti-inte- 
grin  antibodies  to  /34  (J34),  a3  (a3),  or  IgG  (IgG).  (B) 
Annexin  V  staining  was  monitored  72  h  after  plating 
and  visualized  by  fluorescence  microscopy.  DAPI 
was  used  to  stain  the  nuclei  (DAPI).  (C)  Quantifica¬ 
tion  of  percent  Annexin  V  staining  from  B.  (D)  Cells 
were  pretreated  with  anti-integrin  antibodies  (J34, 
a3),  or  U0126  (U0)  before  adhesion  to  LM5.  The 
levels  of  Erk  activation  were  measured  by  immuno- 
blotting  of  cell  extracts  with  anti-phospho  Erk  anti¬ 
bodies  (P-Erk  Blot).  Total  levels  of  Erk  were  moni¬ 
tored  by  immunoblotting  with  anti-Erk  antibodies 
(Erk  Blot).  Error  bars,  SD. 


EGFR/Erk  pathway  use  other  signaling  pathways,  such  as 
PI-3K,  for  survival. 

LM5-dependent  Survival  through  EGFR  Is  Mediated  by 
Engagement  of  a3  Integrin  in  PECs 

PECs  express  a3j81  and  a6/34,  both  of  which  mediate  adhe¬ 
sion  to  LM5  (Delwel  et  al.,  1994;  Niessen  et  al.,  1994).  As 
expected,  placing  PECs  in  suspension  rapidly  induces  cell 
death,  with  80-90%  of  cells  displaying  Annexin  V  positivity 
within  6  h  (Figure  3A).  To  determine  which  of  these  integrin 
receptors,  a3f31  or  a6j34,  is  mediating  survival,  we  used 
specific  blocking  antibodies  raised  against  a3  or  y34  integrin. 
PECs  treated  with  either  a3  or  /34  blocking  antibodies  were 
still  able  to  adhere  to  LM5-rich  matrix;  however,  treatment 
with  anti-<*3  antibody  blocked  cell  spreading  (not  shown). 
Blocking  antibody  to  o3  integrin  induced  cell  death  to  a 
similar  extent  as  that  seen  with  inhibition  of  EGFR  or  Src 
(Figure  3,  B  and  C),  i.e.,  70-80%.  Blocking  j84  integrin  on  the 
other  hand  did  not  compromise  survival.  Furthermore,  cells 
treated  with  blocking  antibodies  to  a.3  integrin,  but  not  j34, 
were  also  defective  in  activating  Erk  (Figure  3D)  and  EGFR 
(not  shown).  These  data  indicate  that  signaling  through  a3 
integrin  regulates  LM5-mediated  activation  of  EGFR  and  its 
subsequent  activation  of  Erk.  Thus  signaling  from  LM5 
through  a3j81  to  EGFR  and  downstream  to  Erk  is  critical  for 
regulating  survival. 

Cell  Death  in  PECs  Is  Not  Caspase-dependent 
Loss  of  adhesion  has  been  associated  with  a  specialized  form 
of  caspase-dependent  apoptosis  known  as  anoikis.  Despite 
the  fact  that  85-90%  of  our  cells  were  Annexin  V  positive, 
only  30%  were  positive  by  TUNEL  and  only  14%  displayed 
sub-GO  content  based  on  PI  staining  (not  shown).  This  sug¬ 
gested  that  cell  death  due  to  loss  of  integrin  signaling,  as 
opposed  to  loss  of  adhesion,  may  proceed  via  a  different 
mechanism.  To  determine  if  PECs  were  dying  via  caspase- 
dependent  apoptosis,  we  first  monitored  caspase  3  cleavage 
and  loss  of  Bcl-XL  or  Bcl-2.  Neither  loss  of  Bcl-XL  or  Bcl-2, 


nor  activation  of  caspase  3  was  detectable  by  immunoblot¬ 
ting  (Figure  4A).  We  then  used  an  enzyme  assay  to  directly 
measure  caspase  activity  in  dying  PECs.  Interestingly,  in 
PECs  loss  of  integrin-mediated  signaling  through  EGFR,  Src, 
or  both  simultaneously,  failed  to  induce  significant  caspase 
3/7  activity  throughout  a  72-h  time  course  (Figure  4,  B  and 
C).  Staurosporine  is  an  efficient  activator  of  classical  apopto¬ 
sis  and  caspases.  To  demonstrate  that  PECs  were  capable  of 
activating  caspases,  we  measured  capsase  3/7  activity  in 
staurosporine-treated  PECs.  A  16-fold  increase  in  caspase 
3/7  activity  was  observed  in  staurosporine-treated  PECs 
(Figure  4B)  as  well  as  a  loss  of  full-length  caspase  3  as 
measured  by  immunoblotting  (Figure  4A).  This  activity  was 
inhibited  by  the  caspase  inhibitor  zVAD.  Furthermore,  in¬ 
hibiting  caspase  activity  with  zVAD  was  not  sufficient  to 
rescue  cells  from  death  upon  EGFR  or  Src  inhibition  (Figure 
4,  D  and  E).  One  possibility  is  that  the  Annexin  V  positive 
cells  are  not  dying.  However,  counting  the  number  of  re¬ 
maining  live  cells  after  72  h,  as  determined  by  trypan  blue 
exclusion,  indicated  that  90%  of  the  remaining  cells  were 
indeed  dead  (Figure  4E). 

In  contrast,  induction  of  apoptosis  in  PC3  cells  by  treat¬ 
ment  with  LY294002  to  inhibit  PI-3K  activity,  or  SU6656  or 
PP2  to  inhibit  Src  activity,  induced  a  2.5-fold  increase  in 
caspase  activity  (Figure  4F). 

Cell  Death  in  PECs  Is  Not  Due  To  Autophagy 
Nutrient  and  serum  deprivation  can  induce  cells  to  enter  a 
state  of  survival  termed  autophagy  (Lum  et  al.,  2005).  Know¬ 
ing  that  our  experiments  were  conducted  under  growth 
factor  starvation  conditions,  we  suspected  that  the  cell  death 
we  were  observing  could  be  autophagic  in  nature  (Baehrecke, 
2005).  To  address  this  possibility,  we  first  determined  whether 
placing  PECs  under  starvation  conditions  was  sufficient  to 
induce  autophagy.  LC3  protein  is  generally  present  through¬ 
out  the  cell,  and  upon  induction  of  autophagy  it  is  processed 
and  incorporated  into  autophagic  vacuoles.  PECs  were  in¬ 
fected  with  an  adenovirus  that  expresses  an  LC3-GFP  fusion 
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Figure  4.  Cell  death  induced  in  PECs  is 
caspase-independent.  (A)  PECs  were  pre¬ 
treated  with  DMSO  (c),  Staurosporine  (Str), 
PD168393  (PD),  U0126  (UO),  or  SU6656  (SU) 
and  allowed  to  adhere  to  laminin  for  72  h.  The 
levels  of  Bcl-XL,  Bcl-2,  and  caspase  3  were 
monitored  by  immunoblotting  of  cell  lysates. 
Total  levels  of  protein  in  the  lysates  were 
monitored  by  immunoblotting  with  anti-tubu- 
lin.  (B)  PECs  were  plated  on  LM5  and  treated 
with  DMSO,  1  pM  staurosporine  (STR)  for 
24  h  or  0.5  fzM  PD168393  (PD),  10  jzM  PP2 
(PP2),  or  both  (PD+PP2)  for  72  h.  The  caspase 
inhibitor  z-VAD  at  20  ;uM  was  added  at  the 
time  of  plating  as  indicated  (zVAD).  Caspase 
3/7  activity  was  monitored  every  1-4  h. 
Caspase  data  are  expressed  as  fold  increase  in 
caspase  activity  over  that  observed  in  un¬ 
treated  cells.  (C)  PECs  were  drug  treated  as  in 
B.  Caspase  3/7  activity  was  monitored  72  h 
after  drug  treatment.  (D)  PECs  were  plated  on 
LM5  and  treated  with  DMSO  (untreated),  0.5 
IjM  PD168393  (PD),  or  10  p.M  PP2  (PP2).  z- 
VAD  at  20  pM  was  added  at  the  time  of 
plating  as  indicated  (zVAD).  Treated  cells 
were  sampled  every  4-12  h  over  a  72-h  time 
course  and  analyzed  for  percent  Annexin  V 
staining  by  FACS.  (E)  PECs  were  treated  as  in 
D.  Cells  were  counted  in  the  absence  (total  cell 
count)  or  presence  (live  cell  count)  of  trypan 
blue  to  determine  the  total  number  of  live 
versus  dead  cells.  (F)  PC3  cells  were  plated  on 
laminin,  treated  with  DMSO,  10  ju,M  LY294002 
(LY),  2  pM  SU6656  (SU),  or  10  p,M  PP2  (PP2). 
Thirty-six  hours  later  caspase  3/7  activity  was 
measured.  Error  bars,  SDs. 


protein.  Induction  of  autophagy  is  indicated  by  a  shift  from 
very  diffuse  LC3-GFP  fluorescence  throughout  the  cell  to 
punctate  fluorescence  within  the  cytoplasm  (Boya  et  al., 
2005).  As  early  as  24  h  after  plating  growth  factor-starved 
LC3-GFP  expressing  PECs  on  LM5,  punctate  fluorescence 
was  evident.  By  48  h,  multiple  punctate  fluorescent  areas 
were  observed  in  over  90%  of  cells  under  growth  factor 
starvation  conditions  (Figure  5,  A  and  B).  Punctate  fluores¬ 
cence  was  rarely  observed  (in  <10%  in  cells)  in  normal 
growth  media  at  24  or  48  h  after  plating  on  LM5  (Figure  5,  A 
and  B).  Thus  adhesion  to  LM5-rich  matrix  in  growth  factor- 
deprived  cells  leads  to  induction  of  autophagy.  Further¬ 
more,  adhesion  of  growth  factor-deprived  PECs  to  their 
LM5-rich  matrix  is  sufficient  to  mediate  cell  survival  for  at 
least  8  d.  However,  removal  from  matrix  and  placement  in 
suspension  results  in  maximum  Annexin  V  positivity  within 
6  h  (Figure  3A).  Pretreatment  of  GFP-LC3  expressing  cells 
with  integrin-blocking  antibodies  to  a3  integrin  resulted  in  a 
threefold  reduction  in  LC3  punctate  staining  versus  a  1.5- 
fold  reduction  with  j84  or  a6  blocking  antibodies  (Figure  5C). 
Thus  adhesion  of  growth-factor  deprived  PECs  to  LM5-rich 
matrix  primarily  via  o3jSl,  but  also  to  some  extent  through 
a6j34,  is  required  to  maintain  autophagy. 

The  autophagy  inhibitor  3MA  is  a  type-III  PI3K-inhibitor 
that  blocks  the  formation  of  autophagic  vacuoles.  We  ex¬ 
pected  that  if  cell  death  was  due  to  autophagy,  treatment 


with  3MA  would  rescue  the  cells  from  death.  However, 
inhibiting  autophagy  in  PECs  by  treatment  with  3MA,  in  the 
presence  of  EGFR  or  Src  inhibitors,  does  not  rescue  cells 
from  death  (Figure  6A).  In  fact,  treatment  of  starved  PECs 
with  3MA  is  sufficient  to  induce  cell  death.  Cell  death  under 
autophagic  inhibitory  conditions  is  accompanied  by  caspase 
activation  (Figure  6B).  These  data  indicate  that  autophagy  is 
acting  as  an  integrin-mediated  survival  mechanism  in  LM5- 
rich  matrix  adherent  PECs.  Simultaneous  inhibition  of  auto¬ 
phagy  and  EGFR/Erk  signaling  increases  caspase  activity. 
Similar  results  were  obtained  using  bafilomycin  (not  shown), 
which  inhibits  autophagy  by  inhibiting  fusion  between  auto¬ 
phagosomes  and  lysosomes  by  blocking  vacuolar  H+  ATPase 
(Yamamoto  et  al. ,  1998). 

If  a:3j31  integrin  regulates  cell  survival  by  maintenance  of 
autophagy  and  signaling  through  EGFR/Erk  and  if  blocking 
autophagy  and  EGFR  induces  caspase-mediated  death,  then 
blocking  o3]31  integrin  should  also  induce  caspase  activa¬ 
tion.  Cells  pretreated  with  a3  blocking  antibodies,  but  not  o6 
or  /34  blocking  antibodies,  induced  a  fivefold  increase  in 
caspase  3/7  activity  (Figure  6C). 

Caspase-independent  death  has  been  linked  to  the  gener¬ 
ation  of  reactive  oxygen  species  (ROS)  in  several  cell  sys¬ 
tems.  To  determine  if  the  mechanism  by  which  inhibition  of 
EGFR  signaling  induces  cell  death  is  due  to  the  generation  of 
ROS,  PECs  were  pretreated  with  two  different  ROS  inhibi- 
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Figure  5.  Growth  factor  starvation  of  PECs  induces  autophagy. 
PECs  were  infected  with  an  adenovirus  to  express  the  LC3-GFP 
fusion  protein,  and  cells  were  placed  in  either  normal  growth  media 
(growth)  or  starvation  media  (starvation).  (A)  Cells  were  observed 
at  20  X  magnification  by  fluorescence  microscopy  to  evaluate  the 
pattern  of  LC3-GFP  localization  48  h  after  plating.  Some  GFP  is  seen 
accumulating  in  the  nucleus  under  both  growth  conditions.  (B)  To 
rule  out  the  possibility  of  nonspecific  staining  artifacts  cells  display¬ 
ing  at  least  10  punctate  spots  or  more  in  the  serum-starved  (SM) 
conditions  were  scored  as  positive  for  LC3  staining.  Over  90%  of  the 
starved  cells  met  this  criterion.  To  account  for  any  low  levels  of 
autophagy  in  normal  growth  media  (NGM),  cells  displaying  three 
or  more  punctate  spots  were  scored  as  positive  for  LC3  staining. 
Less  than  10%  of  the  cells  in  growth  medium  had  three  or  more 
punctate  spots.  (C)  Before  plating  on  LM5,  LC3-GFP-infected  cells 
were  pretreated  with  anti-integrin  antibodies  to  <*3  (alpha3),  a6 
(alpha6),  or  J84  (beta4),  or  IgG  (IgG).  After  48  h  the  number  of  cells 
containing  10  or  more  LC3  punctate  spots  was  counted. 


tors,  50  p-M  butylated  hydroxyanisole  (BHA)  or  1.25  mM 
N-acetylcysteine  (NAC).  Treatment  of  PECs  with  NAC  or 
BHA  alone  did  not  significantly  increase  or  decrease  the 
basal  level  of  Annexin  V  staining.  However,  pretreatment 
with  either  NAC  or  BHA  prevented  the  induction  of  An¬ 
nexin  V  staining  in  cells  treated  with  the  EGFR  inhibitor 
PD168393  (Figure  7).  Thus  loss  of  integrin-mediated  signal¬ 
ing  through  EGFR  results  in  an  increase  in  ROS,  which  is 
required  for  the  subsequent  induction  of  caspase-indepen- 
dent  death. 


DISCUSSION 

Using  primary  cultures  of  epithelial  cells  isolated  from  hu¬ 
man  PECs,  we  have  identified  at  least  three  integrin-medi¬ 
ated  signaling  pathways  whereby  adhesion  of  PECs  to  their 
native  LM5-rich  matrix  mediates  cell  survival  (Figure  8). 
Adhesion  of  growth  factor  starved  PECs  to  LM5-rich  matrix 
is  required  to  maintain  autophagy.  Signaling  through  a3j31, 
and  to  a  lesser  extent  cr6/34,  is  required  for  autophagy.  Under 
starvation  conditions  cell  survival  is  also  dependent  on  at 
least  two  additional  independent  integrin  signaling  path¬ 
ways:  1)  integrin-mediated  activation  of  EGFR  and  subse¬ 
quent  signaling  to  Erk  and  2)  integrin-mediated  activation  of 
Src,  the  former  being  dependent  on  a3/31  integrin.  Interest¬ 
ingly,  there  was  no  activation  of  the  PI-3K/Akt  signaling 
pathway  in  PECs  on  LM5;  consequently  there  was  no  de¬ 
pendence  on  this  pathway  for  survival  in  normal  PECs.  In 
the  presence  of  an  intact  autophagy  pathway,  inhibition  of 
EGFR/Erk  or  Src  is  sufficient  to  induce  cell  death,  but  this 
death  is  mediated  through  a  caspase-independent  mecha¬ 
nism  that  is  dependent  on  the  generation  of  reactive  oxygen 
species.  On  the  other  hand,  disruption  of  autophagy,  phar¬ 
macologically  or  by  blocking  a3j31,  leads  to  caspase  activa¬ 
tion  and  death. 

Integrin-mediated  transactivation  of  receptor  tyrosine  ki¬ 
nases  has  been  widely  reported,  however,  the  biological 
significance  of  this  cross-talk  is  largely  unknown.  In  this 
study  we  demonstrate  that  EGFR  and  its  ability  to  activate 
Erk  is  a  critical  pathway  for  integrin-mediated  survival  in 
primary  PECs  adherent  to  their  native  matrix.  Previous 
studies  demonstrated  that  survival  of  EGFR  over  expressing 


Figure  6.  Blocking  autophagy  induces  death  and 
caspases  in  PECs.  PECs  were  plated  on  LM5  and  treated 
with  DMSO,  0.5  /iM  PD168393  (PD),  10  mM  3-methy- 
ladenine  (3MA),  or  both  (PD  +  3MA)  for  72  h.  The 
caspase  inhibitor  z-VAD  at  20  juM  was  added  at  the 
time  of  plating  as  indicated  (zVAD).  Cells  were  ana¬ 
lyzed  for  (A)  Annexin  V  staining  by  fluorescence  mi¬ 
croscopy  and  (B)  and  fold  increase  in  caspase  activity 
relative  to  DMSO-treated  cells.  (C)  PECs  plated  on  LM5 
were  treated  with  DMSO,  0.5  /aM  PD168393  (PD),  1  /iM 
staurosporine,  10  /ag/ ml  a3  (a3),  a6  (a6),  j84  (b4)  block¬ 
ing  integrin  antibodies  or  IgG  (Ig)  and  the  fold  increase 
in  caspase  activity  was  measured  48  h  later. 
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Figure  7.  Generation  of  ROS  is  required  for  caspase-independent 
death  induced  by  EGFR  inhibition.  PECs  were  growth  factor- 
starved  for  48  h  and  placed  in  suspension  for  30  min.  Cells  were 
allowed  to  adhere  to  LM5  in  the  absence  or  presence  of  50  p,M 
butylated  hydroxyanisole  (BHA)  or  1.25  mM  N-acetylcysteine 
(NAC)  with  or  without  0.5  juM  PD168393  (PD).  Percent  Annexin  V 
staining  was  quantified  72  h  later  by  fluorescence  microscopy. 


NIH-3T3  cells  on  fibronectin  required  integrin-mediated  ac¬ 
tivation  of  EGFR,  but  did  not  involve  signaling  to  Erk,  but 
rather  PI-3K  (Moro  et  al.,  1998).  These  differences  may  reflect 
the  cell  type,  fibroblasts  versus  epithelial  cells,  or  the  matrix 
that  was  used,  fibronectin  versus  laminin.  Although  LM5  is 
the  predominant  matrix  secreted  by  PECs,  we  cannot  rule 
out  the  possibility  that  additional  matrix  materials  may  also 
be  present  that  could  be  contributing  to  PEC  survival.  None¬ 
theless,  we  have  demonstrated  that  integrin-mediated  sig¬ 
naling  through  o3j81  is  required  for  survival  mediated  by 
both  autophagy  and  EGFR/ Erk  signaling  on  this  PEC-gen¬ 
erated  matrix. 

Because  PECs  rapidly  secrete  their  own  LM5-rich  matrix, 
it  has  not  been  possible  to  determine  the  role  of  different 
matrices  in  regulating  long-term  survival  of  PECs.  However, 
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Figure  8.  Model  for  LM5-mediated  survival.  Adhesion  of  growth 
factor-deprived  PECs  to  LM5  via  a3j31  and  a6/34  integrin  mediates 
cell  survival  by  maintaining  starvation-induced  autophagy.  Signal¬ 
ing  via  <*3)31  to  Erk  through  EGFR  or  through  Src  is  also  required  for 
cell  survival.  The  PI-3K/Akt  pathway  is  not  activated  on  LM5  and 
not  required  for  survival.  Disruption  of  either  the  EGFR/Erk  or  Src 
pathway  leads  to  caspase-independent  cell  death,  due  to  the  gener¬ 
ation  of  reactive  oxygen  species  (ROS),  whereas  disruption  of  auto¬ 
phagy  leads  to  caspase  activation  and  death. 


in  short-term  1-h  adhesion  assays  we  have  observed  that 
adhesion  of  PECs  to  LM1,  but  not  the  LM5-rich  matrix,  is 
sufficient  to  activate  Akt,  suggesting  signaling  pathways  on 
other  matrices  may  be  important  in  survival.  We  are  cur¬ 
rently  developing  siRNA-based  methods  for  eliminating 
LM5  from  the  PEC  matrix,  which  will  allow  us  to  investigate 
the  role  of  EGFR  and  other  signaling  pathways  in  mediating 
survival  on  other  matrices. 

Integrin-mediated  survival  of  primary  keratinocytes  on 
LM5  has  been  shown  to  involve  signaling  to  Erk  (Manohar 
et  al.,  2004).  As  in  our  studies,  keratinocyte  survival  on  LM5 
was  dependent  on  a3f)l  integrin.  Whether  Erk  activation  in 
keratinocytes  is  dependent  on  integrin  signaling  through 
EGFR  has  not  been  reported.  However,  autocrine  ligand- 
mediated  signaling  through  EGFR  to  Erk  was  shown  to 
contribute  to  cell  survival  of  keratinocytes  in  suspension 
(Jost  et  al,  2001).  We  have  ruled  out  a  role  for  autocrine 
ligand  involvement  in  PECs,  because  ligand  binding  block¬ 
ing  antibodies  do  not  block  integrin-mediated  EGFR  activa¬ 
tion  or  downstream  signaling  to  Erk.  Given  the  similar 
findings  in  primary  prostate  epithelial  cells  and  keratino¬ 
cytes,  we  predict  that  keratinocyte  survival  on  LM5  should 
also  involve  integrin-mediated  activation  of  EGFR  and  sub¬ 
sequent  downstream  signaling  to  Erk. 

Whether  integrin-mediated  activation  of  other  receptor 
tyrosine  kinases  is  involved  in  regulating  survival  on  matrix 
is  not  known.  However,  it  was  recently  demonstrated  that 
ligand-independent  activation  of  c-Met  in  PC3  cells  was 
required  for  cell  survival  (Shinomiya  et  al.,  2004).  The  spe¬ 
cific  integrins,  matrix,  and  signaling  pathways  involved  in 
c-Met-mediated  survival  are  currently  unknown.  Further¬ 
more,  whether  c-Met  regulates  integrin-mediated  survival  in 
normal  primary  PECs  is  also  unknown.  Our  data  indicate 
that  PC3  cells,  which  express  low  levels  of  EGFR  relative  to 
PECs,  do  not  activate  EGFR  or  Erk  upon  integrin  engage¬ 
ment  and  do  not  depend  on  this  pathway  for  integrin- 
mediated  survival.  Instead  survival  of  PC3  cells  requires 
PI-3K  and  Src.  c-Met  is  known  to  activate  these  signaling 
pathways  in  response  to  HGF,  but  whether  c-Met  partici¬ 
pates  in  integrin-mediated  signaling  to  PI-3K  or  Src  in  PC3 
cells  has  not  been  determined. 

Surprisingly,  interference  with  integrin  signaling  through 
EGFR/Erk  or  Src  leads  to  caspase-independent  death.  This 
was  unexpected,  because  cell  death  due  to  anoikis  has  been 
reported  to  be  caspase-dependent.  Our  results  suggest  that 
the  mechanism  of  cell  death  induced  during  complete  loss  of 
cell  adhesion  through  integrins  is  different  from  the  mecha¬ 
nism  of  cell  death  induced  by  interfering  with  specific  sig¬ 
naling  downstream  of  integrin  engagement.  One  possible 
explanation  is  that  loss  of  attachment  is  likely  to  interfere 
with  several  different  signaling  pathways  simultaneously, 
whereas  our  studies  individually  dissected  distinct  path¬ 
ways.  In  fact,  blocking  «3j31  alone  was  sufficient  to  induce 
caspase  activity  in  PECs,  similar  to  what  has  previously  been 
observed  in  keratinocytes  derived  from  integrin  o3  null  mice 
(Manohar  et  al.,  2004).  We  have  demonstrated  that  at  least 
one  of  the  signaling  pathways  activated  by  a3j31  is  EGFR/ 
Erk.  Src  activation  is  also  important  for  integrin-mediated 
survival,  but  inhibition  of  both  EGFR  and  Src  was  also  not 
sufficient  to  induce  caspases,  indicating  additional  survival 
pathways  are  involved. 

Previous  studies  in  mammary  epithelial  cells  demon¬ 
strated  that  cells  in  the  center  of  acinar  structures  undergo 
autophagy  and  die  during  morphogenesis  (Melino  et  al., 
2005).  However,  the  current  prevailing  theory  on  the  pri¬ 
mary  role  of  autophagy  is  to  promote  temporary  survival 
under  growth  factor  and  nutrient  deprivation  conditions. 
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rather  than  to  be  a  direct  mechanism  for  programmed  cell 
death  (Lum  et  al.,  2005).  Interestingly,  inhibiting  autophagy 
in  LM5-adherent  PECs  induced  caspase  activation  and  cell 
death  and  did  not  rescue  cells  induced  to  die  by  inhibition  of 
EGFR/Erk,  suggesting  that  cell  death  was  not  dependent  on 
autophagy.  Thus  adhesion  of  starved  PECs  to  a  LM5-rich 
matrix  induces  an  autophagic  state  that  permits  survival, 
but  further  assault  by  inhibiting  EGFR/Erk  activation  leads 
to  caspase-independent  death. 

Blocking  a3|81  integrin  significantly  reduced  the  extent  of 
autophagy  induced  under  starvation  conditions.  Thus,  in 
addition  to  regulating  EGFR/Erk,  a3/31  integrin  is  also  re¬ 
quired  to  maintain  autophagy.  Although  blocking  a6j34 
integrin  also  reduced  autophagy,  the  effect  was  not  as  dra¬ 
matic  as  blocking  a3j81.  Furthermore,  a6/34  was  not  required 
for  EGFR/Erk  activation  and  disruption  of  this  integrin 
alone  failed  to  induce  caspase  activation  or  cell  death.  There¬ 
fore,  the  small  reduction  in  autophagy  seen  by  blocking 
a6j34  may  not  be  sufficient  enough  to  overcome  other  sur¬ 
vival  pathways  that  are  active  in  the  cell,  such  as  EGFR/Erk 
and/or  Src.  Interestingly,  inhibition  of  both  autophagy  and 
EGFR  signaling  lead  to  a  small  (although  not  statistically 
significant  in  the  four  assays  examined),  but  consistent  in¬ 
crease  in  caspase  activation,  suggesting  that  in  the  absence 
of  autophagy  signaling  through  EGFR/Erk  may  still  contrib¬ 
ute  to  cell  survival.  One  possibility  is  that  signaling  through 
EGFR/Erk  helps  to  maintain  autophagy.  However,  if  this  is 
true,  then  there  must  be  other  pathways  involved,  because 
inhibition  of  EGFR/Erk  alone  is  not  sufficient  to  induce 
caspase-mediated  death. 

It  is  interesting  to  note  that  signaling  through  PI-3K  is 
actually  inhibitory  to  the  development  of  autophagy  (Rusten 
et  al.,  2004).  Adhesion  of  PECs  to  LM5  does  not  activate  the 
PI-3K  pathway.  This  suggests  that  the  absence  of  strong 
PI-3K  signaling  permits  the  survival  of  PECs  on  LM5 
through  autophagy.  It  is  striking  that  cell  death  induced  by 
loss  of  EGFR/Erk  or  Src  signaling  is  not  sufficient  to  activate 
caspases.  This  suggests  the  existence  of  a  strong  anticaspase 
mechanism  present  in  PECs.  Recent  studies  have  suggested 
that  the  presence  of  an  autophagic  state  can  be  inhibitory  to 
the  activation  of  caspases  (Degenhardt  et  al.,  2006;  Abedin  et 
al.,  2007).  One  model  proposes  that  the  autophagy  pathway 
selectively  targets  damaged  mitochondria  for  destruction  by 
walling  them  off  from  the  cytoplasm  and  thus  preventing 
the  release  of  enzymes  required  for  the  induction  of 
caspases.  Therefore,  it  is  possible  that  the  absence  of  a  PI-3K 
pathway  may  allow  this  shift  to  a  caspase  inhibitory  state. 
Thus  in  the  EGFR/Erk  inhibited  cells,  caspase-mediated 
death  is  dominantly  inhibited,  forcing  other  death  mecha¬ 
nisms  to  be  activated  when  this  level  of  stress  is  induced. 

Many  human  prostate  cancers  have  reduced  levels  of  the 
negative  PI-3K  regulator,  Pten,  and  the  PI-3K/Akt  pathway 
is  constitutively  activated  in  those  tumors  (McMenamin  et 
al.,  1999).  Furthermore,  the  development  of  prostate  cancer 
is  accompanied  by  the  loss  of  LM5  in  the  basement  mem¬ 
brane  (Davis  et  al.,  2001).  Therefore,  given  that  autophagy  is 
driven  by  LM5-mediated  adhesion  and  suppression  of  PI-3K 
signaling,  we  would  predict  that  loss  of  LM5  and  increased 
PI-3K  signaling  would  prevent  the  induction  of  an  autoph¬ 
agy  survival  pathway  in  tumor  cells  and  make  them  more 
sensitive  to  caspase-mediated  death. 

Several  caspase-independent  mechanisms  of  cell  death 
have  been  described,  including  activation  of  cathepsins,  cal- 
peptins,  ROS,  and  release  of  numerous  destructive  enzymes 
from  the  mitochondria  (Kroemer  and  Martin,  2005).  To  date 
we  have  been  unable  to  detect  release  of  cytochrome  C  from 
mitochondria  in  PECs  treated  with  EGFR  inhibitors,  and 


inhibition  of  calpeptin  did  not  rescue  the  death  induced  by 
inhibiting  EGFR/Erk  signaling  (not  shown).  However,  by 
blocking  the  generation  of  ROS  with  two  different  inhibitors, 
we  were  able  to  prevent  the  cell  death  induced  by  inhibition 
of  EGFR/Erk.  Thus  adhesion  to  matrix  and  signaling 
through  EGFR/Erk  may  act  to  limit  ROS  production.  Inte¬ 
grin  al  null  mesangial  cells  have  been  reported  to  have 
enhanced  ligand-independent  EGFR  activation  and  exces¬ 
sive  ROS  production,  suggesting  that  integrin  signaling  can 
help  to  modulate  EGFR  activation  and  limit  ROS  production 
(Chen  et  al.,  2007).  Another  report  suggests  that  al  nega¬ 
tively  regulates  EGFR  activation  by  stimulating  the  activity 
of  TC-PTP  (Mattila  et  al.,  2005).  However,  if  this  same  mech¬ 
anism  is  acting  in  PECs,  then  loss  of  EGFR/Erk  signaling 
would  lead  to  reduced  ROS  production  rather  than  its  in¬ 
crease.  Thus  the  mechanism  by  which  loss  of  EGFR/Erk 
signaling  leads  to  enhanced  ROS  production  is  not  clear. 
Interestingly,  a  recent  report  indicates  that  high  levels  of 
ROS  are  required  for  starvation-induced  autophagy  (Scherz- 
Shouval  et  al.,  2007).  Therefore  it  is  possible  that  one  side 
effect  of  EGFR/Erk  inhibition  may  be  to  further  enhance 
autophagy  through  increased  generation  of  ROS. 

ACKNOWLEDGMENTS 

We  thank  Veronique  Schulz,  Matt  Van  Brocklin,  Dr.  Kate  Eisenmann,  and  the 
FACS  core  at  the  Van  Andel  Research  Institute  (VARI)  for  technical  assis¬ 
tance,  and  we  especially  thank  to  the  laboratories  of  Developmental  Cell 
Biology,  Systems  Biology,  and  Cell  Structure  and  Signal  Integration  at  VARI 
for  their  constructive  suggestions.  We  thank  Dr.  Jay  Debnath  for  providing 
the  LC3-GFP  construct.  C.K.M.,  M.J.E.,  L.T.,  and  L.E.L.  are  supported  by  the 
American  Cancer  Society  (RSG  CSM-109378).  C.K.M.  is  also  supported  by  the 
Department  of  Defense  Prostate  Cancer  Research  Program  of  the  Office  of 
Congressionally  Directed  Medical  Research  Programs  (W81XWH-04-1-0044). 
Additional  support  was  also  provided  by  the  generous  gifts  of  VARI. 


REFERENCES 

Abedin,  M.  J.,  Wang,  D.,  McDonnell,  M.  A.,  Lehmann,  U.,  and  Kelekar,  A. 
(2007).  Autophagy  delays  apoptotic  death  in  breast  cancer  cells  following 
DNA  damage.  Cell  Death  Differ.  14,  500-510. 

Almeida,  E.  A.,  Ilic,  D.,  Han,  Q.,  Hauck,  C.  R.,  Jin,  F.,  Kawakatsu,  H.,  Schla- 
epfer,  D.  D.,  and  Damsky,  C.  H.  (2000).  Matrix  survival  signaling:  from 
fibronectin  via  focal  adhesion  kinase  to  c-Jun  NH(2)-terminal  kinase.  J.  Cell 
Biol.  149,  741-754. 

Baehrecke,  E.  H.  (2005).  Autophagy:  dual  roles  in  life  and  death?  Nat.  Rev. 
Mol.  Cell  Biol.  6,  505-510. 

Bill,  H.  M.,  Knudsen,  B.,  Moores,  S.  L.,  Muthuswamy,  S.  K.,  Rao,  V.  R.,  Brugge, 
J.  S.,  and  Miranti,  C.  K.  (2004).  Epidermal  growth  factor  receptor-dependent 
regulation  of  integrin-mediated  signaling  and  cell  cycle  entry  in  epithelial 
cells.  Mol.  Cell.  Biol.  24,  8586-8599. 

Blake,  R.  A.,  Broome,  M.  A.,  Liu,  X.,  Wu,  J.,  Gishizky,  M.,  Sun,  L.,  and 
Courtneidge,  S.  A.  (2000).  SU6656,  a  selective  src  family  kinase  inhibitor,  used 
to  probe  growth  factor  signaling.  Mol.  Cell.  Biol.  20,  9018-9027. 

Boy  a,  P.  et  al.  (2005).  Inhibition  of  macroautophagy  triggers  apoptosis.  Mol. 
Cell.  Biol.  25,  1025-1040. 

Chen,  X.  et  al.  (2007).  Integrin  al/31  controls  reactive  oxygen  species  synthesis 
by  negatively  regulating  epidermal  growth  factor  receptor-mediated  Rac 
activation.  Mol.  Cell.  Biol.  27,  3313-3326. 

Chi,  S.  et  al.  (1999).  Oncogenic  Ras  triggers  cell  suicide  through  the  activation 
of  a  caspase-independent  cell  death  program  in  human  cancer  cells.  Oncogene 
18,  2281-2290. 

Coniglio,  S.  J.,  Jou,  T.  S.,  and  Symons,  M.  (2001).  Racl  protects  epithelial  cells 
against  anoikis.  J.  Biol.  Chem.  276,  28113-28120. 

Danilkovitch-Miagkova,  A.,  Angeloni,  D.,  Skeel,  A.,  Donley,  S.,  Lerman,  M., 
and  Leonard,  E.  J.  (2000).  Integrin-mediated  RON  growth  factor  receptor 
phosphorylation  requires  tyrosine  kinase  activity  of  both  the  receptor  and 
c-Src.  J.  Biol.  Cell  275,  14783-14786. 

Davis,  T.  L.,  Cress,  A.  E.,  Dalkin,  B.  L.,  and  Nagle,  R.  B.  (2001).  Unique 
expression  pattern  of  the  «6/34  integrin  and  laminin-5  in  human  prostate 
carcinoma.  Prostate  46,  240-248. 


Vol.  18,  July  2007 


2489 


M.  J.  Edick  et  al. 


Degenhardt,  K.  et  al.  (2006).  Autophagy  promotes  tumor  cell  survival  and 
restricts  necrosis,  inflammation,  and  tumorigenesis.  Cancer  Cell  10,  51-64. 

Delwel,  G.  O.,  de  Melker,  A.  A.,  Hogervorst,  F.,  Jaspars,  L.  H.,  Fles,  D.  L., 
Kuikman,  I.,  Lindblom,  A.,  Paulsson,  M.,  Timpl,  R.,  and  Sonnenberg,  A. 
(1994).  Distinct  and  overlapping  ligand  specificities  of  the  a3A/31  and  a6A/31 
integrins:  recognition  of  laminin  isoforms.  Mol.  Biol.  Cell  5,  203-215. 

DiPersio,  C.  M.,  van  Der  Neut,  R.,  Georges-Labouesse,  E.,  Kreidberg,  J.  A., 
Sonnenberg,  A.,  and  Hynes,  R.  O.  (2000).  a3/31  and  a6/34  integrin  receptors  for 
laminin-5  are  not  essential  for  epidermal  morphogenesis  and  homeostasis 
during  skin  development.  J.  Cell  Sci.  113,  3051-3062. 

Frisch,  S.  M.,  and  Screaton,  R.  A.  (2001).  Anoikis  mechanisms.  Curr.  Opin.  Cell 
Biol.  13,  555-562. 

Frisch,  S.  M.,  Vuori,  K.,  Kelaita,  D.,  and  Sicks,  S.  (1996).  A  role  for  Jun-N- 
terminal  kinase  in  anoikis;  suppression  by  bcl-2  and  crmA.  J.  Cell  Biol.  135, 
1377-1382. 

Gmyrek,  G.  A.,  Walburg,  M.,  Webb,  C.  P.,  Yu,  H.  M.,  You,  X.,  Vaughan,  E.  D., 
Vande  Woude,  G.  F.,  and  Knudsen,  B.  S.  (2001).  Normal  and  malignant 
prostate  epithelial  cells  differ  in  their  response  to  hepatocyte  growth  factor/ 
scatter  factor.  Am.  J.  Pathol.  159,  579-590. 

Jost,  M.,  Huggett,  T.  M.,  Kari,  C.,  and  Rodeck,  U.  (2001).  Matrix-independent 
survival  of  human  keratinocytes  through  an  EGF  receptor  /MAPK-kinase- 
dependent  pathway.  Mol.  Biol.  Cell  12,  1519-1527. 

Knox,  J.  D.,  Cress,  A.  E.,  Clark,  V.,  Manriquez,  L.,  Affinito,  K.  S.,  Dalkin,  B.  L., 
and  Nagle,  R.  B.  (1994).  Differential  expression  of  extracellular  matrix  mole¬ 
cules  and  the  a6-integrins  in  the  normal  and  neoplastic  prostate.  Am.  J. 
Pathol.  145,  167-174. 

Kondo,  Y.,  Kanzawa,  T.,  Sawaya,  R.,  and  Kondo,  S.  (2005).  The  role  of 
autophagy  in  cancer  development  and  response  to  therapy.  Nat.  Rev.  Cancer 
5,  726-734. 

Kroemer,  G.,  and  Martin,  S.  J.  (2005).  Caspase-independent  cell  death.  Nat. 
Med.  11,  725-730. 

Kuwada,  S.  K.,  and  Li,  X.  (2000).  Integrin  a5/j 31  mediates  fibronectin-depen- 
dent  epithelial  cell  proliferation  through  epidermal  growth  factor  receptor 
activation.  Mol.  Biol.  Cell  11,  2485-2496. 

Lum,  J.  J.,  DeBerardinis,  R.  J.,  and  Thompson,  C.  B.  (2005).  Autophagy  in 
metazoans:  cell  survival  in  the  land  of  plenty.  Nat.  Rev.  Mol.  Cell  Biol.  6, 
439-448. 

Manohar,  A.,  Shome,  S.  G.,  Lamar,  J.,  Stirling,  L.,  Iyer,  V.,  Pumiglia,  K.,  and 
DiPersio,  C.  M.  (2004).  a3(31  integrin  promotes  keratinocyte  cell  survival 
through  activation  of  a  MEK/ERK  signaling  pathway.  J.  Cell  Sci.  117,  4043- 
4054. 

Marcoux,  N.,  and  Vuori,  K.  (2003).  EGF  receptor  mediates  adhesion-depen- 
dent  activation  of  the  Rac  GTPase:  a  role  for  phosphatidylinositol  3-kinase 
and  Vav2.  Oncogene  22,  6100-6106. 

Mattila,  E.,  Pellinen,  T.,  Nevo,  J.,  Vuoriluoto,  K.,  Arjonen,  A.,  and  Ivaska,  J. 
(2005).  Negative  regulation  of  EGFR  signalling  through  integrin-al/31-medi- 
ated  activation  of  protein  tyrosine  phosphatase  TCPTP.  Nat.  Cell  Biol.  7, 
78-85. 

McMenamin,  M.  E.,  Soung,  P.,  Perera,  S.,  Kaplan,  I.,  Loda,  M.,  and  Sellers, 
W.  R.  (1999).  Loss  of  PTEN  expression  in  paraffin-embedded  primary  prostate 
cancer  correlates  with  high  Gleason  score  and  advanced  stage.  Cancer  Res.  59, 
4291-4296. 

Melino,  G.,  Knight,  R.  A.,  and  Nicotera,  P.  (2005).  How  many  ways  to  die? 
How  many  different  models  of  cell  death?  Cell  Death  Differ.  22(Suppl  2), 
1457-1462. 

Miranti,  C.  K.  (2002).  Application  of  cell  adhesion  to  study  signaling  net¬ 
works.  Methods  Cell  Biol.  69,  359-383. 


Miyamoto,  S.,  Teramoto,  H.,  Gutkind,  J.  S.,  and  Yamada,  K.  M.  (1996).  Inte¬ 
grins  can  collaborate  with  growth  factors  for  phosphorylation  of  receptor 
tyrosine  kinases  and  MAP  kinase  activation:  roles  of  integrin  aggregation  and 
occupancy  of  receptors.  J.  Cell  Biol.  135,  1633-1642. 

Moro,  L.  et  al.  (2002).  Integrin-induced  epidermal  growth  factor  (EGF)  recep¬ 
tor  activation  requires  c-Src  and  pl30Cas  and  leads  to  phosphorylation  of 
specific  EGF  receptor  tyrosines.  J.  Biol.  Chem.  277,  9405-9414. 

Moro,  L.,  Venturino,  M.,  Bozzo,  C.,  Silengo,  L.,  Altruda,  F.,  Beguinot,  L., 
Tarone,  G.,  and  Defilippi,  P.  (1998).  Integrins  induce  activation  of  EGF  recep¬ 
tor:  role  in  MAP  kinase  induction  and  adhesion-dependent  cell  survival. 
EMBO  J.  17,  6622-6632. 

Niessen,  C.  M.,  Hogervorst,  F.,  Jaspars,  L.  H.,  de  Melker,  A.  A.,  Delwel,  G.  O., 
Hulsman,  E.  H.,  Kuikman,  I.,  and  Sonnenberg,  A.  (1994).  The  a6/34  integrin  is 
a  receptor  for  both  laminin  and  kalinin.  Exp.  Cell  Res.  211,  360-367. 

Panka,  D.  J.,  Wang,  W.,  Atkins,  M.  B.,  and  Mier,  J.  W.  (2006).  The  Raf  inhibitor 
BAY  43-9006  (Sorafenib)  induces  caspase-independent  apoptosis  in  mela¬ 
noma  cells.  Cancer  Res.  66,  1611-1619. 

Plopper,  G.  E.,  McNamee,  H.  P.,  Dike,  L.  E.,  Bojanowski,  K.,  and  Ingber,  D.  E. 
(1995).  Convergence  of  integrin  and  growth  factor  receptor  signaling  path¬ 
ways  within  the  focal  adhesion  complex.  Mol.  Biol.  Cell  6,  1349-1365. 

Rusten,  T.  E.,  Lindmo,  K.,  Juhasz,  G.,  Sass,  M.,  Seglen,  P.  O.,  Brech,  A.,  and 
Stenmark,  H.  (2004).  Programmed  autophagy  in  the  Drosophila  fat  body  is 
induced  by  ecdysone  through  regulation  of  the  PI3K  pathway.  Dev.  Cell  7, 
179-192. 

Ryan,  M.  C.,  Lee,  K.,  Miyashita,  Y.,  and  Carter,  W.  G.  (1999).  Targeted 
disruption  of  the  LAMA3  gene  in  mice  reveals  abnormalities  in  survival  and 
late  stage  differentiation  of  epithelial  cells.  J.  Cell  Biol.  145,  1309-1323. 

Rytomaa,  M.,  Lehmann,  K.,  and  Downward,  J.  (2000).  Matrix  detachment 
induces  caspase-dependent  cytochrome  c  release  from  mitochondria:  inhibi¬ 
tion  by  PKB/Akt  but  not  Raf  signalling.  Oncogene  19,  4461-4468. 

Scherz-Shouval,  R.,  Shvets,  E.,  Fass,  E.,  Shorer,  H.,  Gil,  L.,  and  Elazar,  Z. 
(2007).  Reactive  oxygen  species  are  essential  for  autophagy  and  specifically 
regulate  the  activity  of  Atg4.  EMBO  J.  26,  1749-1760. 

Shinomiya,  N.,  Gao,  C.  F.,  Xie,  Q.,  Gustafson,  M.,  Waters,  D.  J.,  Zhang,  Y.  W., 
and  Vande  Woude,  G.  F.  (2004).  RNA  interference  reveals  that  ligand-inde¬ 
pendent  met  activity  is  required  for  tumor  cell  signaling  and  survival.  Cancer 
Res.  64,  7962-7970. 

Uzgare,  A.  R.,  and  Isaacs,  J.  T.  (2004).  Enhanced  redundancy  in  Akt  and 
mitogen-activated  protein  kinase-induced  survival  of  malignant  versus  nor¬ 
mal  prostate  epithelial  cells.  Cancer  Res.  64,  6190-6199. 

Vlietstra,  R.  J.,  van  Alewijk,  D.  C.,  Hermans,  K.  G.,  van  Steenbrugge,  G.  J.,  and 
Trapman,  J.  (1998).  Frequent  inactivation  of  PTEN  in  prostate  cancer  cell  lines 
and  xenografts.  Cancer  Res.  58,  2720-2723. 

Wang,  R.,  Kobayashi,  R.,  and  Bishop,  J.  M.  (1996).  Cellular  adherence  elicits 
ligand-independent  activation  of  the  Met  cell-surface  receptor.  Proc.  Natl. 
Acad.  Sci.  USA  93,  8425-8430. 

Xia,  Y.,  Gil,  S.  G.,  and  Carter,  W.  G.  (1996).  Anchorage  mediated  by  integrin 
a6(34  to  laminin  5  (epiligrin)  regulates  tyrosine  phosphorylation  of  a  mem¬ 
brane-associated  80-kD  protein.  J.  Cell  Biol.  132,  727-740. 

Yamamoto,  A.,  Tagawa,  Y.,  Yoshimori,  T.,  Moriyama,  Y.,  Masaki,  R.,  and 
Tashiro,  Y.  (1998).  Bafilomycin  Al  prevents  maturation  of  autophagic  vacu¬ 
oles  by  inhibiting  fusion  between  autophagosomes  and  lysosomes  in  rat 
hepatoma  cell  line,  H-4-II-E  cells.  Cell  Struct.  Funct.  23,  33-42. 

Yu,  H.  M.,  Frank,  D.  E.,  Zhang,  J.,  You,  X.,  Carter,  W.  G.,  and  Knudsen,  B.  S. 
(2004).  Basal  prostate  epithelial  cells  stimulate  the  migration  of  prostate 
cancer  cells.  Mol.  Carcinog.  41,  85. 


2490 


Molecular  Biology  of  the  Cell 


